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CORRECTIONS AND EMENDATIONS 


EMENDATIONS 
(VoLumME 48) 
ae 1477. Instead of paragraph containing equations (29) and (30), text should 


Now we relate the stresses acting upon our elementary volume to the strains pro- 
duced. (See Figs. 10, 11, and 12.) ez, are the elongations; and 922 
are the shears parallel to the X-Y, the Y-Z, and the Z-X planes respectively. If only 
the normal stress ¢, acts on the volume, sy and o, being zero, the volume stretches 
in the X-direction and contracts in the directions Y and Z. In this case 


Cz Cz E 


where £ is the modulus of elongation, or Young’s modulus, and v the ratio of the 
shortening in the Y- and Z-directions to the extension in the X-direction. v is a 
dimensionless constant known as Poisson’s ratio. Its value for nearly all materials 
ranges between 0.2 and 0.3. 

When all three normal stresses oz, oy, and o, act simultaneously the observed 
extension parallel to each axis is the resultant of the positive elongation caused 
by the normal stress along that axis, and the two negative elongations due to the 
normal stresses along each of the other two axes. In this case 


Oz —v(Gy+o2) v(oz+oy) =f. (29b) 


€z ey 


For the shears 


where G is the modulus of rigidity. 


CORRECTIONS AND EMENDATIONS 


(VoLuME 49) 


Contributors to Volume 49 have been invited to send corrections and emendations 
to be made in their paper, and the volume has been scanned with some care. Correc- 
tions and insertions are as follows: 


Page 193, line 4, under explanation of Figure 2, for Fig. 5, read Fig. 4. 
“233, line 1, under description of Emmonsaspis, new genus, for portion, read 


position. 

“258, line 3, for P!, read P’. 

line 8 from bottom, for read p*®-?. 

“ 261, Table 1, shock 6, delete superior figure 2 at beginning of line. 

“ 265, notes 27 and 31. The I. S. S. has now revised its solutions for these shocks, 
with results in substantial agreement with ours. 

“278, first par. These great Levantine earthquakes were discussed by Julius 
Schmidt (Studien wiber Vulkane und Erdbeben, Leipzig 1884); he con- 
sidered them cases of abnormally deep focus. 

“345, — 3 a 4, per should contain (Eardley, 1938, Fig. 1; this report 

. 3, figs. 1, 2). 
“ 640, Plate 3, figure 3, for movement, read moment. 
“ 684, par. 2, for University of Chicago, read University of California. 
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Accelerograph record of the Helena, Mont. earthquake of October 31, 1935. 
Three components. 


Accelerograph record, one component only, of an after-shock at Helena. 
It shows duration of the preliminary tremor without loss of initial motion. 


ACCELEROGRAPHT AND ACCELEROGRAPH RECORDS 
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ae Accelerograph, U. S. Coast and Geodetic Survey type. 
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INTRODUCTION 


The recent rapid growth of earthquake investigation in the United 
States has been largely due to economic reasons and especially to the 
realization by engineers and architects that, with increased knowledge 
of earthquakes, much can be done to prevent loss of life and damage to 
property through better design of structures. The inevitable result has 
been a broadening of interest of seismologists and geologists, and the 
latter are giving more attention to earthquakes than in the past. 


(1) 
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It must not be inferred that the geologists of the United States have 
neglected earthquakes. Not only have they investigated in the field all 
the more important ones in which there has been surface geologic change, 
but they have studied the lesser earthquakes, especially in California 
and New England. Probably the most important contribution to the 
determination of the immediate cause of earthquakes is the elastic re- 
bound theory of Harry Fielding Reid (1910, p. 17). 

The earthquake is important in geologic science because it indicates 
where internal forces are at work producing crustal movements. Record- 
ing of the seismic waves resulting from such movements affords the 
means of exploring the interior of the earth. 

The relation of earthquakes to crustal movement is complicated. 
Only a few major shocks are accompanied by slipping at the surface, 
and crustal movements on a small scale, or even on a large scale, can 
occur without the accompaniment of an earthquake. It is not even 
known with certainty whether slipping along a fault plane at the surface 
means that there is a continuous plane down to the depth at which the 
earthquake occurred, or whether the effect at the surface is a related but 
inevitable result of independent movement at greater depth. 

With the development of instrumental seismology, earthquake waves 
have been effectively used to fix accurately the location and depth of 
foci and of surfaces of discontinuity in the intcrior and in the crust, to 
derive some idea of the distribution of density within the earth, and to 
obtain reasonable inferences about the materials. The same principles, 
extended to waves due to artificial earthquakes, or explosions, have given 
much detail about the upper layers, including the location of fault planes 
and the obtaining of other geological information useful to the explorer 
for oil and minerals and to the engineer. 

Some of the problems can be dealt with only through world-wide in- 
vestigation and study, but others can best be attacked by regional inves- 
tigation, each such investigation making its contribution to earthquake 
knowledge for the earth as a whole. 


REGIONAL INVESTIGATIONS | 


Regional investigation of earthquakes has been well developed in 
Japan and the United States. The program developed in California 
represents good present practice and includes: accurate determination 
of the position and depth of all earthquakes; study of the geology of 
the region, directly and by means of geophysical exploration methods; 
study of the association of earthqukes with visible and buried fault 
planes; determination of the distribution of intensity through non-in- 
strumental observations; study of earthquake effects on the surface of 
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REGIONAL INVESTIGATIONS 3 
the ground; measurement of crustal movement by means of precise tri- 
angulation and leveling; tilt mesaurement; recording of strong earth 
motion and related measurement; and the examination of earthquake 
damage to structures, for the purpose of securing better design. 

Conditions in California are favorable for regional seismic investiga- 
tion because there are many interested organizations, and there are also 
numerous minor shocks and occasional severe ones to emphasize the 
economic aspect of the problem. It might appear that the California 
program would suffice for the entire country, but geologic conditions and 
types of earthquake vary widely, making detailed local knowledge 
necessary. Some regional investigation is going on in New England, 
the Mississippi Valley, and in part of the western mountain region. 

The term “western mountain region” is somewhat artificial but has 
a definite geographic meaning as used in this paper. It extends from 
the eastern edge of the Rocky Mountain region to the eastern boundary 
of California, the 120th meridian in Oregon, and the eastern edge of 
the Cascade Mountains in Washington. The purpose is to exclude the 
main part of the circum-Pacifie belt which includes California and Puget 
Sound. 

WESTERN MOUNTAIN REGION 


APPRAISAL OF PRESENT KNOWLEDGE 


The map (PI. 2) shows the epicenters of all known earthquakes from 
1868 to 1936 whose intensity was five of more on the Rossi-Forel scale. 
An earlier earthquake in the Montana region was reported by the Lewis 
and Clark Expedition in 1805. For many years after the beginning of 
settlement, which was about 1850, except in the southern portion, condi- 
tions were unfavorable for securing reports of earthquakes. Except in 
New Mexico and Montana the record did not begin until 1880. There 
was a sharp increase in the number of known earthquakes after 1910, 
when the United States Weather Bureau began to require systematic 
reports from its observers. Part of the increase was probably actual, 
but part was because of previously ineffective reporting. 

Under the generally unfavorable conditions that still exist throughout 
much of the region, an appraisal of the value and accuracy of the avail- 
able information is needed. Even today there are many gaps because 
of the small number of seismographs in the region and the sparse settle- 
ment in many localities. Some of the earlier epicenters were deduced 
from a few scattered reports from places one hundred miles apart. When 
no instrumental evidence was available the time of occurrence was some- 
times in doubt. The maximum intensity and correct distribution of the 
other grades of intensity has in most cases been unknown, partly because 
of the lack of observations and partly because many of the criteria on 
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which intensity is based are missing in a thinly settled area. The posi- 
tions, depths of foci, and isoseismal lines are not as correct as in regions 
with more favorable conditions; indeed, depth determination is almost 
unknown. 

The shortness of the period is important from the geologic viewpoint. 
Too little information is available in most cases for association of earth- 
quakes with known faults, and, in general, present activity of the faults 
cannot be proved from seismic evidence. Gilbert many years ago pre- 
dicted surface slipping along the Wasatch fault in Utah, but the fact 
that it has not yet occurred does not invalidate the prediction. 


WESTERN MOUNTAIN EARTHQUAKES AND THEIR CHARACTERISTICS 


A typical great earthquake of the region is that which occurred at 
Pleasant Valley, Nevada, in 1915. It was widely felt, but the total area 
affected was unknown. There was comparatively little damage in the 
central region because there are few towns, but one result was the forma- 
tion of a vertical scarp, 5 to 15 feet high and 22 miles long. The other 
principal earthquakes are listed by States in Table 1. 

An unexplained but well-established feature of North American earth- 
quakes is the contrast between major shocks in the western and those in 
the eastern and central portions, including eastern Canada, the contrast 
being especially sharp in California. The eastern earthquakes tend to be 
felt over vast areas, with relatively moderate maximum intensity in the 
central region, and surface slipping is usually absent. The California 
earthquakes, like those of Japan, are felt over relatively small areas in 
view of their high-maximum intensity and are almost invariably ac- 
companied by slipping at the surface. The major shocks of the western 
mountain region tend to be intermediate in character, though some form 
of surface movement is usually present. 

Another type of activity, rare in California and almost unknown in 
the eastern half of the United States, is the earthquake swarm, which 
consists of a large number of small shocks lasting several weeks, months, 
or years, with occasional severe ones interspersed. These may be de- 
structive but are not major earthquakes. Examples are: Socorro, New 
Mexico, shocks which have occurred at intervals since 1868 and were 
specially severe in 1906; Creede, Colorado, 1928; Ellensberg, Washington, 
1934; north end of Great Salt Lake, at various times but especially in 
1909; Helena, Montana, series beginning October 3, 1935 and still going 
on in December 1936, the number of felt and heard shocks having reached 
2282 by December 31, 1936 (Fig. 1), according to the record kept by 
W. E. Maughan, of the United States Weather Bureau. 
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TaBLeE 1—Principal earthquakes of the western mountain region 


State Date REMARES 


| 
| 
| New Mexico 


Arizona 


Colorado 


Idaho 


Montana 


Nevada 


1852 November 29 
*1887 May 3 


1906 January 25 

1910 September 23 
*1912 May 18 

1913 December 5 


1916 Dec. 12 
1935 January 10 


1895 March 22 
1901 November 15 
1913 November 11 
1928 April 20 


1905 November 11 
1906 October 18 
1916 May 12 

1918 March 11 
1926 November 27 


1872 December 10 

1872 December 11 

1897 November 4 

1908 December 20 
*1925 June 27 

1929 February 15 

1935 October 12 
*1935 October 18 


*1935 October 30 
1935 November 28 
1936 January 11 


1887 January 3 
1894 November 14 
1896 January 27 
1901 July 26 
*1915 October 2 
1916 February 2 
1916 August 15 
1930 April 12 
*1932 December 20 
1933 June 27 
*1934 January 30 


1868 April 28 


1869 

1893 July 12 
*1893 September 7 

1895 October 3 
*1906 July 12 


*1906 July 16 
*1906 November 15 
1913 July 18 


Fort Yuma 
Sonora, Mexico 


Flagstaff 
Flagstaff 
Williams 
Eastern Arizona 


Eastern Arizona 
Grand Canyon 


Steamboat Springs 
Buena Vista 
Montrose 

Creede 


Shoshone 
Paris 
Boise 
Rathdrum 
Rathdrum 


Helena 

Deer Lodge 
Dillon 
Virginia City 
Lombard 
Helena 
Helena 
Helena 


Helena 
Helena 
Great Falls 


Carson City 
Gold Hill 

Carson City 
Elko 

Pleasant Valley 
Gerlach 
Winnemucca 
Fallon 

Cedar Mountains 
Yerrington 
Excelsior Mountains 


Socorro 


Socorro 
Albuquerque 
Los Lunas 
Socorro 
Socorro 


Socorro 
Socorro 
Socorro 


South of border. Widely felt in 
Arizona and New Mexico 


Shocks lasted two weeks 
Severe. Little known 


Few details known, though reports 
are from widely separated places 


“ 


Boulders thrown on road 
Rock slide 
Shocks continued three weeks 


Great rock slide 


Movement probable along buried 
fault plane. None at surface 


Extensive vertical scarp formed 


Rifts over large area 

Slides, cracks and fissures 

First record of scries lasting for 
years. Principal ones listed 

Shocks lasted three months 

Waves seen and fissures in ground. 


Many shocks during rest of 1906 
and into 1907 
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Taste 1—Principal earthquakes of the western mountain region—continued 


CrnTRAL REGION 


REMARKS 


6 
Srate Date 
New Mexico— 1913 December 5 
Continued 
1916 December 12 
*1918 May 28 
1931 February 4 
1935 December 21 
Oregon (east) 1913 October 14 


1936 July 15 


Texas (southwest) 1928 October 3 


Utah 


*1931 August 16 


1880 September 16 
1884 November 9 
1900 August 1 

*1901 November 13-19 
1909 October 5 
1910 January 10-12 
1910 May 22 
1914 May 13 


1915 July 15 
1915 October 5 


*1921 Sept. 29—Oct. 1 
1933 January 20 
*1934 March 12 


Washington (east) 1872 December 16 


Wyoming 


1873 January 4 
1887 December 9 
1906 January 2 
1906 November 1 


Western New Mexico 


Western New Mexico 
Cerillos 

Albuquerque 

Belen 


Seven Devils District. 
Umapine 


South of border 
Valentine 


Salt Lake City 
Northeastern Utah 
Tintic 

Sevier County 
Northern Utah 
Richfield 

Salt Lake City 
Ogden 


Provo 
Ibapah 


Elsinore 
Parowan 
Kosmo 


Walla Walla 
Walla Walla 
Walla Walla 
Spokane 


1918 February 28 
1918 November 1 
1934 Sept. 4—Dec. 1 
1936 July 15 


1910 July 25 

1923 November 23 
1928 February 13 
1930 June 12 

1932 January 26 


Yakima 

Corfu 

Ellensberg 

South of Oregon border. 


Rock Springs 
Kelly 
Thermopolis 
Grover 
Grovont 


See Arizona. Not certain in which 
State this and next shock centered 


Cracking of ground 


Felt in El Paso 
Cracks in ground. Tombstones 
rotated 


Near Wyoming and Idaho borders 


Swarm shocks until end of December 


Probably small slip on Wasatch 
Fault 


Southwest of Great Salt Lake near 
Nevada border 


Sinking of ground and rifts north of 
Great Salt Lake 


Grant County 
Series of moderate swarm shocks 
Damage in Walla Walla 


* Major earthquake. 


Strong evidence was obtained at Helena that swarm earthquakes are 
of shallow depth. In the absence of complete knowledge, it is reasonable 
to assume that the foci of other western mountain earthquakes are of 
normal depth; those in the east are probably somewhat deeper, but are 
not to be classed as deep-focus earthquakes. 
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The essential difference between swarm and other earthquakes is in 
the distribution of the total energy of the entire series. In the ordinary 
earthquake, most of the energy is expended in one great shock, and those 
following are considered as aftershocks. In swarm earthquakes the prin- 
cipal energy may be spread over two or more principal shocks, but a 


150 DAILY FREQUENCY OF EARTHQUAKES AT 
HELENA, MONTANA, 
OCTOBER 3, 1935 TO DECEMBER 31, 1936. 


NUMBER OF SHOCKS 


Ficure 1—Daily earthquake frequency at Helena, Montana 


considerable portion of it occurs in the lesser ones. The ultimate cause 
of these differences is unknown. 


FREQUENCY OF EARTHQUAKES OF INTENSITY V OR OVER 


Frequency of earthquakes, based on partial information as has been 
explained, is given in Table 2. 

Considering all shocks regardless of intensity, except the lesser shocks 
of the Helena series, there were 272 from 1925 to 1936, inclusive, an 
average of 23 per year, which is, of course, only a small portion of the 
total number which would have been recorded by suitable instruments. 
In fact, many of the felt shocks were probably not reported. 
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Taste 2.—Earthquake frequency in the western mountain region 


Period Total shocks, intensity Average in you. 
V or over, R. F. scale per year 

1868-1900 36 05 3 in 1895 
1901-1910 22 2.2 5 in 1906 
1911-1920 35 3.5 8 each in 1913 and 1915 
1921-1930 22 2.2 4 each in 1921, 1925, 1928 
1931-1936 15 2.5 3 in 1934 
1868-1936 132 1.8 8 each in 1913 and 1915 
1901-1936 96 2.75 8 each in 1913 and 1915 


Table 3 gives an analysis of a group of outstanding earthquakes, 
selected because they could be appraised in accordance with the Rossi- 
Forel scale. It is probable that another writer would select different 
lists, but the table gives an approximately correct idea of characteristic 


activity. 


Even with the same incompleteness of statistics, a seismic history of 
three centuries, as in New England, would give a much higher seismicity 


to this region than the estimates of Blackwelder. 


Taste 3.—Selected group of earthquakes graded according to Rossi-Forel scale 


Number of earthquakes in each 
R. F. intensity grade 
State Total 
10 9 8 7 6 5 
| 1 2 1 3 2 9 
1 7 16 ll 30 18 83 
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There is quite enough seismicity to warrant investigation in several 
parts of the western mountain region, as events of the past few years 
have emphasized. There have been earthquakes ranging from appre- 
hension-arousing to highly destructive (at least potentially). The list 
for only three years includes: Kosmo, Utah, 1934; Ellensberg, Washing- 
ton, 1934; Walla Walla, Washington, 1936; Nevada, 1934 (following 
that of 1932); Helena, Montana, 1935. The demand for investigation 
has been strengthened by many developments, including vast engineering 
construction and influx of people to this region. 


SEISMOLOGICAL STATIONS 


The start of instrumental investigation in the western mountain region 
was almost as early as for the rest of the United States, the pioneer 
being the University of Utah in 1906, followed by four others (Table 4) 
by 1911. The stations at Bozeman and Butte, Montana, are more recent. 
The earlier instruments were suited to record the stronger earthquakes 
of the region and the more severe distant shocks, but only recently have 
instruments been available for recording slight nearby tremors. Further- 
more, the number and distribution of stations are quite inadequate for 


Taste 4.—List of seismological stations of the western mountain region * 


Station and year Organizations Instruments 
Spokane, Washington, 1909, Mount Saint Michaels Two-component, 80 kg. 
new site 1931. College, Gonzaga Univer- | Wiechert 
sity, S. J. 

Butte, Montana, 1936 Montana School of Mines, One-component 
Carnegie Institution of Wood-Anderson torsion 
Washington. seismometer. 


United States Coast and 
Geodetic Survey. 


Bozeman, Montana, 1931 Montana State College, Two-component, 
United States Coast and McComb-Romberg, tilt- 
Geodetic Survey compensation seismo- 
meter. 
Denver, Colorado, 1909 Regis College, 8. J. Two-component, 80 kg. 
Wiechert 
Salt Lake City, Utah, 1906, University of Utah Two-component, 100 kg. 
new site 1935 Bosch-Omori 
Reno, Nevada, 1911 University of Nevada Two-component, 80 kg. 
Wiechert 
Tucson, Arizona, 1909 United States Coast and Two-component Wood- 
Geodetic Survey Anderson. Vertical 
Benioff. 


*Some earthquakes of the region are recorded on instruments in California, at Seattle, Wash., 
Victoria, B. C., and Saskatoon, Sask. 
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locating such earthquakes (Pl. 2). For example, in New England and 
California there is a station to each 10,000 square miles, approximately ; 
in the western mountain region there is about one to each 100,000 square 
miles, and some of them are close together. 

The growth of stations has been slow since the time of the original 
installations. However, the two recent stations have resulted from a new 
policy which may have further results. One feature is the cooperation 
of several organizations to accomplish what no one of them could do 
alone; another is to start a station with a single component instrument, 
and although this results in a station which falls short of the ideal three- 
component arrangement, it is much better than no instrumental recording. 

With adequate instruments the position and depth of all earthquakes 
could be determined and associated with geologic structure visible or 
buried. The extension of the crustal layers found by Gutenberg in 
California could be proved or disproved. 


STRONG-MOTION INSTRUMENTS 


Although the geologic significance of the manner of passage of earth- 
quake waves through the earth has long been recognized, little has been 
known in regard to the effect of the geology on the production of the 
waves, and, until recently, no measurements had been made which had 
important bearing on this question. Instruments for recording strong 
earth motion (Pl.'1) have been developed primarily to secure informa- 
tion regarding accelerations, earth displacements (to and fro motion), 
periods and duration of the shock, all of which are needed by the engineer 
in connection with the design of structures, but they also give informa- 
tion related to geology. In addition to telling how the waves start from 
the central region, they give different kinds of records for the same earth- 
quake, according to whether the instrument is on rock or on deep sedi- 
ments, and the difference can be measured. At some future date, such 
records will show the type of earth vibration which accompanies slipping 
along a fault plane at the surface. No earthquakes of this type have as 
yet occurred at places where these instruments have been installed. 

There are now fifty strong-motion instruments of various types in 
California and one each in Panama, Chicago, Illinois, and Washington, 
D. C. The two latter are on exhibit but are available for immediate use 
in the surrounding region, to record the after-shocks of a severe earth- 
quake. In the western mountain region, through cooperation which in- 
cludes such federal organizations as the Coast and Geodetic Survey, the 
Weather Bureau and the Bureau of Reclamation, as well as universities 
and other civil organizations, there are instruments at Butte, Helena, 
Missoula, and Bozeman, Montana, and at Hawthorne and Boulder Dam, 
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STRONG-MOTION INSTRUMENTS 1l 


Nevada. It is desirable to have such instruments in other places, espe- 
cially at Reno, Nevada, Salt Lake City, Utah, and at a suitable place in 
central New Mexico. All instruments are installed in such a way, and 
plans have been so worked out, that any one of them can be taken to the 
site of a severe earthquake and quickly set up, even in an unsettled 
region, to record after-shocks. 


NON-INSTRUMENTAL EARTHQUAKE INFORMATION 


Although scientific seismology is chiefly based on the records of in- 
struments, such records cannot give all the information desired, and their 
number is limited. Information from human sources, though often de- 
fective, is therefore indispensable. It may be classed as physical, engi- 
neering, economic, and geologic. Some of the best non-instrumental 
information is received from experts. However, most of the information 
received immediately after an earthquake and the reports over large 
areas come from the average citizen. This has a great advantage in that 
systematic collection of data can be organized with little expense, as is 
now being done in the western mountain region. There is a representa- 
tive in each State, usually the State Geologist or a member of the faculty 
of a State university, who cooperates with the United States Coast and 
Geodetic Survey in obtaining as complete information as possible on all 
earthquakes occurring or felt within the State. The United States 
Weather Bureau obtains reports from its numerous weather observers 
and makes them available. These cooperative arrangements when per- 
fected will make it possible to deal with a major earthquake better than 
ever before. 

The growing interest in amateur seismology gives promise of informa- 
tion from simple instruments which will supplement that from other 
sources. Not only will better estimates of intensity and epicenter be 
possible, but there will be developed a corps of observers who can better 
describe their experience during an earthquake. Several persons are 
engaged in building and operating seismographs; new ideas are being 
tested at college laboratories; and the project is receiving attention from 
the Seismological Society of America. 


EARTHQUAKES AND GEOLOGY 


The relation between earthquakes and fault movements at the surface 
is not simple. Some recent earthquakes have been associated with faults 
which were believed inactive, and recent slipping has been observed which 
could not be associated with any known earthquake. For this reason, 
a fault map, even though showing only the principal known active faults, 
would be useful in earthquake study. The information regarding many 
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of these faults is available but is scattered through many volumes, and 
some of the faults are in unmapped areas. However, these difficulties 
are not a serious bar to the issue of a preliminary fault map, to be cor- 
rected from time to time, on which earthquake epicenters could be 
plotted for correlation purposes. 

When an earthquake is accompanied by surface movements, geological 
investigation includes the determination of the vertical and horizontal 
movements and their interpretation, and of secondary effects such as 
cracking, sliding, mud flows, and similar phenomena. With sufficient 
data the varying intensity from place to place, as indicated by the iso- 
seismal lines, can be associated with geologic structure. Usually the 
reports received by the cooperating organizations are not complete and 
must be supplemented. 

Geologists have made intensive investigations of a number of western 
mountain earthquakes, as shown by the following examples: In the case 
of the Pleasant Valley, Nevada, earthquake of 1915, Jones traced the 
fault scarp for 22 miles; Pack studied the geologic features of the Elsi- 
nore, Utah, earthquake of 1921 but found no evidence of surface slip- 
ping; Pardee found that the apparently associated fault of the Montana 
(1925) earthquake gave no evidence of recent slipping; Callaghan and 
Gianella called attention to the echelon pattern of the rifts formed by 
the Cedar Mountain, Nevada, earthquake of 1932; Shenon studied the 
Utah 1934 earthquake and decided that all surface changes were sec- 
ondary; and Scott deduced a buried fault associated with the Helena, 
Montana, earthquakes of 1935 but found no evidence of surface slipping. 


EARTHQUAKES AND CRUSTAL MOVEMENTS 


In earlier earthquakes the associated crustal movements had to be 
inferred except insofar as they could be directly measured. However, 
no amount of inspection of the surface could tell how far from the fault 
trace the movement extended nor detect movement unaccompanied by 
earthquake. These things can now be done by geodetic measurement. 
This application is so new that, even in the regions where the work has 
been done most actively, there is as yet comparatively little observa- 
tional material. In certain localities, usually of small extent, the crustal 
movement may be rapid enough to be determined by geodetic measure- 
ments repeated after a few years. There may be such areas in the 
western mountain, but it is undemonstrated. 

The purpose of repeating measurement when there has been no earth- 
quake is related to earthquake prediction. Although prediction in time 
and place is out of the question, the determination whether or not there 
is growing stress within the crust may not be, and one of the methods 
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of study is by geodetic measurement. The first requirement is a rigid 
framework. 

In order than triangulation might serve this and other purposes in 
California, the United States Coast and Geodetic Survey has found it 
necessary to re-adjust the scheme for the western half of the United 
States and to add to the number of astronomical observations. This 
adjustment will prove helpful in future studies of crustal movement in 
the western mountain region. In California, connection was made with 
the supposedly stable regions to the east, though recent earthquakes in 
Utah and Nevada have thrown some doubt on the complete stability. 

The other essential requirement is that stations be close enough to- 
gether for accurate determination of movement along a fault. This 
requirement has been met in connection with many faults in California, 
by triangulation executed by the United States Coast and Geodetic Sur- 
vey with the advice of the advisory committee on seismology of the Car- 
negie Institution of Washington. 

The same general considerations apply to leveling. There has perhaps 
been too much tendency, for economic reasons, to keep the operations 
of triangulation and leveling separate; it should be kept in mind that 
the ultimate aim should be to locate all points both in horizontal posi- 
tion and height. 

There has been no attempt in the western mountain region to execute 
triangulation and leveling in connection with crustal movements, but 
levels have been run after three earthquakes. In 1915 the nearest bench- 
mark to the 22-mile scarp formed at the time of the Pleasant Valley, 
Nevada, earthquake was 50 miles away; levels were run for the first time 
in 1933 in the region of the 1932 Nevada earthquake so that no deter- 
mination of change could be made; in 1934 a partial determination of 
changes accompanying the Utah earthquake was made by leveling (Fig. 
2). The situation at Helena, Montana, in 1935 was similar. 

The rapid extension of triangulation (Fig. 3) and leveling (Fig. 4) 
in recent years has greatly increased the probability that future crustal 
changes can be measured in a general way. 

Crustal movement in the form of block tilting has been demonstrated 
in Japan and associated with earthquakes. Such conditions do not 
appear to exist in the United States, but only tilt measurements can 
make this certain. Repeated leveling could test this matter if the amount 
of change is sufficient, but no details about the time of change would be 
forthcoming. To meet this situation, tilt meters, different in design from 
those used in Japan, have been developed which make use of the principle 
of interferometry to measure both amount and direction of tilt. 
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Through co-operation of the United States Coast and Geodetic Survey 
and the University of California, such instruments have been installed 
at Berkeley, California, near the Hayward Fault. So far, results have 
been inconclusive, in part because of the many other sources of tilt and 
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Ficure 2.—Difference in level before and after 1984 Utah shock 
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in part because there has not been a really important earthquake along 
this fault for many years and there have been no cases of known move- 
ment since 1868. No tilt observations have as yet been made in the 
western mountain region. 


LOCATION OF BURIED FAULTS 


Instrumental seismology has shown that most earthquakes occur at a 
depth of 7 miles or more. At such depths the faults along which the slip- 
ping occurs do not necessarily have surface expression and are therefore 
difficult to locate. If a series of epicenters follows an approximately 
straight line parallel to known surface faults, the existence of a buried 
fault plane may be inferred. In some cases it is possible to trace the 
buried fault through drilling or by the use of seismic or other exploration 
methods. 

ENGINEERING VALUES 


Detailed geologic information of use to the engineer includes the char- 
acter of the ground beneath a proposed structure, especially the depth 
to rock, the looseness or compactness of the material, the depth to and 
distribution of the ground water, and the dominant period or periods 
of the ground. It has been proved in Japan, Germany, and California 
that at least in some places the ground has outstanding periods of its 
own as 0.3, 0.6, and 1.0 seconds, and these seem to be related to the 
depth of a surface formation. The vibrations are of practical importance 
since they tend to predominate in an earthquake and to set up resonance 
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Ficure 3—Triangulation net, western half of United States 
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in buildings which have the same periods. The ground periods fall within 
the range of those of ordinary buildings. 

In California, Gutenberg has analyzed a large number of records of 
nearby earthquakes and has thereby deduced the dominant periods at 
a number of places. These periods have been fairly definite but not as 
much so as the results obtained with a shaking machine by the United 
States Coast and Geodetic Survey for the Veterans Administration in 
southern California and the San Franciso Bay region. In the former 
case the results were confirmed by analysis of the strong-motion records 
of the Long Beach earthquake of 1933. Periods such as 0.12, 0.24, and 
0.7 seconds were found in the Los Angeles basin. 

The United States Coast and Geodetic Survey used a small shaking 
machine intended only for use in buildings and obtained definite results, 
though for the purpose a large shaking machine such as used in Germany 
is needed. The machine, which consists essentially of two eccentric fly 
wheels balanced against each other, is speeded up and then allowed to 
slow down so that it passses through the dominant period or periods of 
the ground. The records are made on high-magnification seismographs 
(10,000 and upward) placed at suitable distances. From these records, 
resonance curves are obtained on which the dominant periods are indi- 
cated. Although no observations have been made in the western moun- 
tain region, they are badly needed, and a start should be made at Helena, 
Montana, and at Manhattan, in the same state, which was serevely 
damaged in the 1925 earthquake. Comparison of results at these places 
with those already obtained in the Los Angeles basin should prove in- 


structive. 
GRAVITY OBSERVATIONS AND ANOMALIES 


Gravity observations and especially gravity anomalies serve to out- 
line the distribution of material of different densities in the crust. These 
differences may involve variations in stress which may in turn be related 
to earthquake occurrence. A special effort has been made in Japan to 
develop general relations between gravity anomalies and earthquake 
occurrence but with incomplete success, and little has been done else- 
where. Meinesz, on the other hand, has pointed out the evident relation 
between belts of gravity anomalies in the Dutch East Indies and deep 
ocean troughs, voleanism and earthquakes. In eastern Asia the further 
distinction has been made between normal and deep-focus earthquakes, 
the latter in general occurring farther from the sea than the former. 

Usually the relations are less simple, and many more observations 
will be needed before definite conclusions can be reached, especially in 
mountain regions. Accordingly the present number of gravity stations 
of the United States Coast and Geodetic Survey and the prospective in- 
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GRAVITY SURVEYS 


WESTERN STATES 
SHOWING 


COMPLETED INTENSIVE SURVEY IN WYOMING AND MONTANA 
AND 
PROPOSED GENERAL SURVEY IN SOUTHWEST 


Ficure 5.—Gravity surveys in western United States 


crease in the southwestern area (Fig. 5) are important. The value is 
enhanced by the possibility of filling in the gaps between basic stations } 
by the use of the recently developed gravimeter. A complete gravity 
picture of the western mountain region can now be visualized though 
completion may be far in the future. 

A surprising feature of this region is the complete absence of deep- 
focus earthquakes, though they occur in eastern Asia and western South 
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America. This may be related to the absence off the Pacific Coast of 
the United States and Canada of deep ocean troughs and belts of nega- 
tive gravity anomalies and to the insignificance of present volcanic 
activity. It is possible that this region has reached a stage of geologic 
development different from that of the other continents along the shores 
of the Pacific, but nothing is known in regard to this. 

Is there any evidence in this region that the processes which result 
in isostatic compensation produce earthquakes? Although the necessary 
adjustment is believed to take place chiefly at the depth of compensa- 
tion, it is quite conceivable that some effect would extend into the 
rigid portion of the crust and set up stresses which could not be re- 
lieved through plastic flow but only through earthquake. There is some 
evidence that earthquakes in northeast United States, Canada, and 
Scandinavia are related to isostatic adjustment following the removal 
of the ice load of the last glacial period. However, the adjustment in 
general cannot be a major earthquake cause. [f it were, earthquakes 
would be much more numerous in places where erosion and deposition 
are active, and therefore where isostatic adjustment must be a con- 
tinuous process, than in places where they are absent. The earthquake 
belt surrounding the Pacific affords a test, and it appears that there is 
no important difference between the earthquake activity of the portions 
adjacent to the continents and those near lesser island groups. 


PRESENT SITUATION IN THE WESTERN MOUNTAIN REGION 


The western mountain region is rather large to discuss as a whole so 
that it is arbitrarily divided into five regions (Pl. 2) which contain most 
of the epicenters. The arrangement can be criticized because Area II 
is too large, because there are many scattering epicenters outside of the 
areas, and especially because three of the great earthquakes are not in- 
cluded in them—1887 Sonora, Mexico; 1915 Pleasant Valley, Nevada; 
and 1931 western Texas. 

Area I has not had a major shock but a number of near-destructive 
earthquakes caused apprehension at Ellensberg, Washington, in 1934, 
and in the region between I and II, an earthquake in 1936 caused dam- 
age at Walla Walla. Spokane has the only station in the region, with 
an excellent site but an old type instrument. The stations which must 
be relied on to locate the earthquakes are those at Victoria, British 
Columbia; Seattle, Washington; Bozeman and Butte, Montana. Atten- 
tion should be given to the location of any earthquakes which may occur 
in the vicinity of Grand Coulee. None has been known in the immediate 
vicinity, but the history is brief. 

Area II has had several important earthquakes, especially the Mon- 
tana shocks of 1935 and the Utah shock of 1934. Instruments are at 
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Butte and Bozeman, Montana, and at Salt Lake City. Some aid is 
obtained from instruments at Reno, Denver, and Spokane, none of which 
is modern. The possibilities of damage to cities in Montana, Idaho, and 
Utah warrant the continuous recording and location of all earthquakes. 

Area III contains the epicenters of the shocks of 1932 and 1934. The 
Pleasant Valley (1915) shock was not far outside the region. Concern- 
ing it, Vincent P. Gianella of the University of Nevada, says, in a per- 
sonal letter to the writer, dated November 16, 1936: 

“The Great Basin region is and has been more seismic than generally supposed. 
There are many recent faults, some only a few score years old, which are not associ- 
ated with any earthquake record and earthquakes have occurred where there is no 
known fault. The Great Basin offers a field for further research because of the num- 
ber of shocks and the frequency of their occurrence. It is well known that both the 
1932 and 1934 shocks were preceded by fairly strong ones noted by miners but not 
reported. There is great need for a number of suitably located modern instruments.” 

Area IV includes the Utah earthquake of 1921 and numerous others, 
some of which were unimportant only because of location in a sparsely 
settled region. The nearest seismograph station is at Tucson, and the 
observatories of the southern California network record some of the 
stronger shocks. Between this region and California lies Boulder Dam 
where recent interest has been aroused by the occurrence of shocks of 
intensity 5, Rossi-Forel scale. Several strong-motion instruments have 
been installed there by the United States Bureau of Reclamation. 

Area V includes the epicenters of the Socorro earthquakes from 1868 
on and others more widespread and severe, though little damage has 
ever been caused, because of sparse settlement. The only seismograph 
in the general region is that at Tucson, Arizona. 


FUTURE NEEDS 


For the western mountain region as a whole, a comprehensive plan 
can be made only in the case of triangulation, leveling, gravity observa- 
tion, collection of earthquake data from observers, and geological studies 
in general which may have a bearing on earthquake problems. Such 
investigations as those of the Bighorn-Beartooth Association are especi- 
ally likely to be productive. This joint attack by members of the 
geological departments of several universities and colleges, on the prob- 
lems of mountain structures and the processes which produce it, should 
contribute to the solution of the earthquake problems of the region. 

With the active areas, some of the principal needs could be met by: 


(1) Additional seismograph stations. The principal needs are for 
modern instruments at Reno, Spokane, Salt Lake City, and Denver and 
for additional stations in Oregon, Yellowstone National Park, Boulder 
Dam region, and central New Mexico. It would require many more 
to locate all the earthquakes, and this cannot now be expected. It is 
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probable that station sites and operation costs would in a number of 
cases be provided if instruments could be made available. The United 
States Coast and Geodetic Survey has co-operated in making two sta- 
tions possible and in aiding others but it has reached the limit of possible 
accomplishment in this direction. 

(2) A fault map. Much information regarding recent and possibly 
active faults is scattered through many publications. A map showing 
the more important of these, even with no attempt at perfection but 
kept revised when new information is available, would permit the corre- 
lation of earthquake epicenters with these faults. Until this is done, 
improvement in collection of earthquake data will lose much of its value. 

(3) More local triangulation and leveling for the determination of 
crustal movements. 

(4) Use of seismic and other geophysical exploration methods to trace 
buried fault planes. 

(5) Additional strong-motion stations. It would be especially desir- 
able to have another in Nevada, two in Utah, and one in New Mexico. 


Earthquake investigation in the western mountain region will be a 
valuable addition to the California program. The vast range of geologi- 
cal conditions and the mountain-building activity assure plenty of mate- 
rial with which to work and from which valuable seismic information 
is to be gained. 
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VEIN ON ONE WALL OF A DIKE 
Murchie mine, 1000-foot level. (1) Hanging wall, (2) Footwall. 
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VEIN-FILLING AT NEVADA CITY, CALIFORNIA 
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INTRODUCTION 


Nevada City, the center of an important gold-mining district, is on 
the western slope of the Sierra Nevada at an altitude of 2500 feet, 


approximately 50 miles by airline north-northwest of Sacramento. It 
(23) 
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lies on the eastern edge of the Smartsville quadrangle (Lindgren and 
Turner, 1895) and gives its name to one of the three sheets of the Nevada 
City Special folio (Lindgren, 1896b), mapped on a scale of 1/14,400, 
or a little more than 4 inches to the mile. In addition to the two folios, 
Lindgren (1896a) published the classic report on the gold-quartz veins 
of Nevada City and its neighbor to the south, Grass Valley. 

Since the publication of Lindgren’s report the mines of both districts 
have been greatly deepened and many miles of underground workings 
have been opened. In 1930 the United States Geological Survey under- 
took a resurvey of the Grass Valley district and assigned the project 
to the writer (Johnston and Cloos, 1934; Johnston, in preparation). In 
the summer of 1930 and 1931, incidental to the Grass Valley work, 
several weeks underground were spent at the Hoge and Murchie mines 
near Nevada City. In 1934, a grant from the Penrose Fund of the Geo- 
logical Society of America made possible more extended underground 
studies in the Central, Banner, Hussey, and Canada Hill mines at 
Nevada City, and in 1935 the Murchie and Central mines were revisited. 

My indebtedness to R. L. Loofbourow, my assistant during the 1930 
and 1931 field seasons, is gratefully acknowledged. The mine operators 
of Nevada City extended every courtesy. Particular thanks are due 
Messrs. J. W. Chandler, Arthur M. Hoge, George Kervin, Paul Lager- 
quest, L. L. van Loben Sels, O. McCraney, and Otto Schiffner. Working 
maps of the Champion Mine, which closed in 1920, were obtained from 
the Empire Star Mines Company, through the courtesy of Mr. F. W. 
Nobs. 

PURPOSE OF THIS STUDY 


The more extensive underground investigation at Grass Valley con- 
firmed Lindgren’s belief that the quartz veins had been deposited in 
open cavities from aqueous solutions and that replacement by quartz, 
if at all operative, was a minor factor. It was further concluded that 
vein filling was a complex process, that quartz deposition alternated with 
periods of vein movement, and that thick quartz veins were built up by 
successive stages of quartz deposition and movement of the vein walls. 

The Nevada City veins offered an opportunity to check some of these 
conclusions and to observe underground exposures of other veins that 
might shed additional information on the general problem of the mech- 
anism of vein filling. As the results of the Grass Valley work are treated 
in a forthcoming publication, this paper presents a picture of vein filling 
illustrated wholly by examples from the Nevada City district. 


AREAL AND STRUCTURAL GEOLOGY 


The mines of Nevada City are at the southern end of a granodiorite 
mass, approximately 20 miles long and 5 miles wide, that was intruded 
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UNDERGROUND PHOTOGRAPHS OF QUARTZ VEINS 


(1) Black slate inclusions in sheared quartz, in Banner mine. (2) Hanging-wall split filled with quartz 
and pyrite. The pyrite (P) occupies the center of the vein. Hoge mine, 300-foot level. 
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. POLISHED SLABS OF VEIN QUARTZ 
(1) Section showing euhedral quartz (Q) projecting into a vug that was later filled with carbonates 
(C). Murchie Mine, 1300-foot level. (2) Sheared quartz (Qs) cut by later comb quartz (Qc) that 
cements breccia (Qb). Murchie Mine, 1450-foot level. 


1 
2 
ij | 
| 


AREAL AND STRUCTURAL GEOLOGY 25 


at the close of Jurassic time into altered sedimentary and igneous rocks 
ranging in age from Paleozoic to Jurassic. The regional schistosity of 
the altered rock strikes northwest and dips steeply to the northeast. Cov- 
ering part of the granodiorite and older rocks are rhyolite tuffs and ande- 
site tuffs, breccias, and flows of Tertiary age with interbedded stream 
gravels. The areal geology of the district has been competently described 
by Lindgren (1896a, p. 13-111). 

The gold-quartz veins are confined to the southern end of the grano- 
diorite area, where they occur both in the granodiorite and in the older 
rocks near the granodiorite contact. The structural control of the veins 
is varied. The Merrifield, Ural, and Wyoming veins (Lindgren, 1896a, 
p. 209-217) of the Providence group, marking the granodiorite-Calaveras 
contact west of Nevada City, occupy thrust faults along which the hang- 
ing walls have been thrust up as much as 1000 feet. These faults dip 
30° to 40° into the granodiorite, and correspond to the “marginal 
thrusts” of Cloos (H. Cloos, 1928; E. Cloos, 1936; Balk, 1937). The 
structural relations of the Fortune-Gracie-Glencoe vein, south of Nevada 
City, are not clear. Even though this vein parallels the granodiorite 
contact and appears to be related to it, the dip is 80° to 85° away from 
the granodiorite and not into it as in the Providence group. Equally 
obscure is the immediate structural control of most of the veins iying 
within the granodiorite. A few veins of the district follow pre-mineral 
dikes (Pl. 1). The Big Blue vein in the Murchie Mine follows a dark 
dike, breaking across it from wall to wall and in some places leaving the 
dike altogether. Other dikes furnish some structural control at the Cen- 
tral Mine, but their relationship to the veins is less marked than at the 
Murchie. Lindgren’s (1896a, p. 170) suggestion that the fissure systems 
were “produced by a succession of compressive stresses applied in dif- 
ferent directions, chiefly from east to west and from north to south” is 
the only structural generalization so far advanced that does not conflict 
with some observed facts. 

THE VEINS 
GENERAL FEATURES 


The veins at Nevada City do not fill simple fractures with constant 
dip and strike; instead, they fill fracture zones that range from a few 
feet to as much as 40 feet in width. Within these zones the country 
rock is broken into a system of flat rhombs bounded by fracture planes 
of varying dip and strike. The vein, as defined by the quartz filling, 
follows first one and then another fracture plane within the main walls 
of the fracture zone. Thus the general dip and strike of the vein is 
defined by the fracture zone as a whole, whereas the attitude of indi- 
vidual vein segments is highly variable. A conspicuous example of the 
change in dip where the vein material leaves one rhomb segment and 
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enters another is afforded by the Hussey Mine, in which the dip changes 
from 55° to 30° approximately 50 feet below the shaft collar. The old 
shafts of the Murchie and Canada Hill mines follow other veins with 
many changes in dip. 

At irregular intervals, secondary walls leave the main vein walls along 
the drifts, usually at acute angles. Most of these diverging walls are 


HORIZONTAL 
MULLIONS 


Ficure 1—Irregular footwall with Ficure 2.—Distribution of molybde- 
horizontal mullions nite in a quartz vein 
Sketch at a raise in the Murchie mine, 600- Hoge mine, 300-foot level west. 
foot level west. 


tight, barren fractures and are equally abundant on hanging- and foot- 
walls. A few of them are coated with quartz or carbonates and are 
followed by drifts. Most of these drifts are short, for the effects of min- 
eralization decrease away from the main vein and the secondary frac- 
ture becomes tight and barren. Particularly is this true where the min- 
eralized secondary wall forms a spur at a sharp turn in the main vein. 

All the veins of Nevada City have some gouge (Fig. 1). The gouge 
may lie along one or both walls or it may cross the quartz from wall to 
wall. Along narrow, tight veins the amount of gouge is small or may be 
absent on segments where quartz, tightly cemented to both walls, fills 
the entire fracture. Generally, however, gouge, up to several inches or 
even several feet in thickness, is present. With the clayey gouge is gen- 
erally some coarser material—fragments of country rock or of quartz 
that has not been finely ground. The thickest gouges in the district 
and the widest zone of broken ground occur in the Providence group of 
veins where known faulting is greatest. 

The width of quartz is widely variable. Although vein segments up 
to 15 feet wide are not uncommon, the average width is perhaps 2 to 5 
feet. 
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MINERALOGY 


The amount of sulphides in the quartz veins is widely variable. Pyrite 
is by far the most abundant sulphide and in places constitutes as much 
as 20 percent of the vein material, though 1 to 2 percent is more usual. 
Galena and sphalerite, the latter generally containing inclusions of chal- 
copyrite, are present in most veins; arsenopyrite, massive chalcopyrite, 
and tetrahedrite are commonly present. Molybdenite was found in small 
quantities at the Hoge Mine, and pyrargyrite was identified in a single 
specimen from the Central Mine. Generally, gold is associated with 
sulphides. It also occurs in sulphide-poor quartz, particularly in quartz 
that has been broken by movement of the vein walls prior to the deposi- 
tion of gold. Most of the tetrahedrite contains considerable silver, and 
a high silver assay is a good clue to the possible presence of tetrahedrite, 
although in a few high-silver specimens the silver in the ore was found 
to be in the galena. 

Although gold tellurides have been reported from the district, the only 
one identified by the writer was the lead telluride, altaite, found in a 
specimen of ore from the Champion Mine. 

In most mines in the district, gold is more abundant than silver. The 
ratio of gold to silver by weight at the Hoge Mine, where it averaged 
3.4 to 1 for the three-year period 1932-1934, is characteristic of the dis- 
trict. A conspicuous exception to the general rule is the Central Mine, 
where the gold-silver ratio over a period of several years averaged one 
part by weight of gold to fifteen parts of silver. At the Central Mine, 
argentiferous tetrahedrite is more abundant than it is in the other mines 
of the district. 

The ratio of concentration of the Murchie ore in 1931 was 40 to 1. 

Quartz is the dominant gangue mineral. Carbonates—both ankerite 
and calcite—are abundant and later than the quartz. Minor gangue 
minerals are sericite, chlorite, epidote, and chalcedony. 


PARAGENESIS 


As at Grass Valley, vein-filling at Nevada City can conveniently be 
divided into two stages: an earlier one in which quartz was the dominant 
gangue and a later one in which carbonates predominated. The sul- 
phides belong to the quartz stage. Pyrite and probably arsenopyrite 
were deposited early; chalcopyrite and sphalerite were later than pyrite, 
and gold, galena, and tetrahedrite still later. Commonly the earlier sul- 
phides were cracked and broken by movement of the vein walls and the 
fractured crystals healed by deposition of later quartz, tetrahedrite, 
galena, and gold. 

A number of specimens of comb quartz showing concentric shells of 
alternating carbonate and quartz indicate that the transition from the 
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quartz stage to the carbonate stage was gradual and subject to many 
reversals. This change in gangue began at the end of gold deposition, 
for gold, although associated generally with quartz and sulphides, is 
occasionally found completely surrounded and supported by ankerite. 
The final stages of vein filling are marked by the deposition of wane, 
which filled the remaining vein cavities. 

The place of molybdenite and pyrargyrite in the paragenetic sequence 
has not been well established, for molybdenite (Fig. 2) was not found in 
contact with other sulphides and tl.- single specimen of pyrargyrite 
observed was not conclusive. 


QUARTZ TEXTURES 
METHOD OF STUDY 


Quartz textures, both gross and microscopic, supply considerable infor- 
mation about vein histories, for they preserve a record of deposition and 
vein movement. 

In an attempt to correlate textures with other geological observations, 
many photographs and sketches of underground faces that showed inter- 
secting relationships of various textural types of quartz were made. To 
correlate microscopic textures, slabs of vein material were collected for 
office study, and the position of each slab was recorded on a sketch of 
the vein face. Some of these slabs were then polished for gross exam- 
ination. Finally, thin sections, whose position had been recorded on 
sketches or photographs, were cut from the polished slabs. In this way 
the microscopic textures of each thin section were correlated with the 
gross textures of the whole vein exposure. 

The textures observed fall into four main groups—comb quartz, mas- 
sive quartz, brecciated quartz, and sheared quartz. Most vein exposures 
show more than one type and in places all four can be seen in a single 
face. 

Photographs of underground vein exposures are shown in Plates 2 
and 7. 

COMB QUARTZ 

Most of the veins in the district contain some comb quartz, although, 
relatively, it is not abundant. Plate 3, figure 1, a photograph of a 
polished slab of vein material from the Murchie mine, shows euhedral 
quartz crystals projecting into a vug that has later been filled with car- 
bonates. Such vugs are the most common examples of comb quartz. 
Elsewhere, euhedral quartz crystals form a crust on the walls of vein 
fractures and project into the fissure. 
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PHOTOMICROGRAPHS OF SHEARED QUARTZ 
(1) Pyrite (black) introduced on shear planes in older quartz. Polarized light, nicols at 65 
degrees. Murchie mine, 1150-foot level. (2) Molybdenite on shear planes in quartz. One nicol. 
Hoge mine, 300-foot level west. (3) Strain shadows in a single quartz crystal. Crossed nicols. 
Central mine. (4) Same as 3. One nicol. Shows clearing of vacuoles along planes of maximum 
shear. 
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MICRO-FAULTING IN RIBBON QUARTZ 
Murchie mine, 1300-foot level. (1) Plain light, (2) Crossed nicols. 
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QUARTZ TEXTURES 


CAVITIES PARTIALLY FILLEO 


COMB QUARTZ 


CAVITIES COMPLETELY FILLED 


MASSIVE QUARTZ 
MEGASCOPICALLY HOMOGENECUS 


MOVEMENT OF THE VEIN WALLS 


WITH APPRECIABLE DILATION | WITH SLIGHT DILATION 


BRECCIATED QUARTZ SHEARED QUARTZ 


WITH INTERSTITIAL VOIDS. 
BRECCIA IS COMMONLY RE-CEMENTED GRANULATION ZONES, 
BY LATER QUARTZ, CHALCEDONY, CAR- CTURE, & BANDING. 


BONATES, OR LIMONITE. 


WITH APPRECIABLE DILATION | WITH SLIGHT QLATION 
yw 
MOVEMENT OF THE VEIN WALLS 


Figure 3—Development of characteristic textures in vein quartz 
New vein material is commonly introduced at any stage. 
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MASSIVE QUARTZ 


Massive, white, homogeneous quartz—the “bull quartz” of the min- 
ers—is perhaps the most abundant type. In it are found vugs lined 
with comb quartz. Thin sections show many sharp crystal outlines, and 
suggest that massive quartz was the end product of vein filling after 
the spaces between the earlier quartz combs had been completely filled. 
Characteristic massive texture is shown on Plate 6, figure 1. Massive 
quartz is preserved where there has been little or no post-quartz move- 
ment. It commonly fills “tight” veins that have no gouge or is preserved 
in the center of larger veins where shearing has crushed only the marginal 
quartz. 

BRECCIATED QUARTZ 

Brecciated quartz is the result of vein movement with dilation of the 
interwall space. The broken fragments have interstitial voids that are 
filled by later quartz, carbonates, or chalcedony. Im places the frag- 
ments in the breccias are composed of quartz only; elsewhere, fragments 
of both wall rock and quartz are present (PI. 7, fig. 2). 


SHEARED QUARTZ 


Vein movement which results in little or no dilation of the interwall 
space produces characteristic shear textures in the quartz. Strain figures 
(Pl. 4, figs. 3 and 4), mortar structure (Pl. 4, fig. 1), granulation zones 
(Pl. 5, fig. 2), and ribbon structure (PI. 7, fig. 3), are the result of such 
movements. 

The ribbon structure shown in Plate 7, figures 2 and 3, has been devel- 
oped by shearing. Thin sections show alternating bands of coarser, inter- 
locking quartz grains and finer, broken grains in a matrix of powdered 
quartz. Plate 5 shows a- thin section of typical ribbon quartz. Com- 
monly the coarser bands show mortar structure. The banding is empha- 
sized by mashed and drawn-out inclusions of country rock, sulphides, or 
gouge; by “smeared” lenses of lighter or darker quartz; and by seams 
of later pyrite that have been deposited along shear planes. 

Plate 6 shows two photomicrographs from a single vein. The center 
of the vein is made up of massive quartz that has not been deformed, 
whereas mortar structure has been developed on the edges of the vein 
where shearing had taken place. 


COMPOUND TEXTURES 


Some thin sections show more than one textural type. Breccias are 
composed of fragments of sheared quartz, or comb quartz cements brec- 
ciated quartz. To clarify somewhat the mechanical significance of these 
compound types the “flow sheet” shown in Figure 3 was prepared. This 
diagram presents in schematic form the more obvious textural relation- 
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PHOTOMICROGRAPHS OF VEIN QUARTZ 


From the 1300-foot level, Murchie mine. Crossed nicols. (1) Massive quartz 
from center of vein, (2) Sheared quartz from edge of vein. 
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UNDERGROUND PHOTOGRAPHS OF QUARTZ VEINS 
(1) Carbonates (C) filling combs in quartz (Q). Murchie mine, 1300-foot level. 
(2) Complex vein. Sequence of deposition is; (1) ribbon quartz (R); (2) massive 
quartz (M); (3) carbonate-cemented breccia (B) containing fragments of both 
ribbon and massive quartz as well *s wall rock. Murchie mine, 1450-foot 
level. (3) Complex vein. This exposure shows several stages of ribbon quartz. 
Murchie mine, 1450-foot level 
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ships. Comb quartz is first deposited on the walls of a fissure. As the 
quartz grows the combs interlock, and when all available space is filled 
the comb quartz has become massive quartz. When the vein walls move, 
the quartz between them is deformed. If the walls move apart, there 
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FEET 
Ficure 4—At least three episodes of quartz deposition 
Sketch is a stope in Murchie mine, above 1150-foot level west. 


is an increase in space, and breccias result. If the walls move in such 
a way that there is little or no interwall dilation, the quartz is sheared, 
and strain figures, granulation zones, and mortar structures are developed. 
New quartz or other vein material is added as space becomes available 
and recurrent movement superimposes new textures upon older ones. 


SUMMARY OF CONCLUSIONS 


Complex veins in which deposition of quartz has alternated with move- 
ments of the vein walls are shown in Plate 7 and in Figure 4. Commonly 
three and occasionally four cycles of deposition and movement can be 
recognized with some assurance in Nevada City veins, and some expo- 
sures suggest an even more complex history. 

Perhaps the most significant corollary of the concept of recurrent 
deposition and movement is the ready explanation that it offers for the 


| 
| 


WITH QUARTZ GEMENT S 
MASSIVE QUARTZ : 
| 
i 
| | 
| a 
| 
| 
| 
| a 
| 
} 
| 
| 


32 W. D. JOHNSTON, JR.—VEIN-FILLING AT NEVADA CITY 


building up of thick quartz veins. Hulin (1929) named this process 
“vein formation by accretion” and recognized its importance in vein 
formation. At Nevada City, at least four generations of quartz can be 
recognized; at Grass Valley, six generations; and in the Comstock Lode, 


MOVEMENT DEPOSITION 


G H 
Figure 5.—Development of thick quartz veins by alternate movement of the vein 
walls and deposition of quartz : 


At no stage is the hanging wall without adequate support. Wall rock (black), quartz (dotted 
pattern). 


four generations. In each district, each generation of quartz is separated 
in time by episodes of vein movement. Brief examinations of some of 
the complex veins of the Alleghany district and of the Mother Lode 
have left a definite impression of recurrent deposition. Ransome (1900, 
p. 7) obtained a similar impression, for, in speaking of the banded ores 
of the Mother Lode, he said: 


“After a fissure has been formed and filled with ore or gangue, it is usually still 
a line of weakness, and is very likely to be again partly opened by second move- 
ment. This process may take place several times, and explains the formation of 
much of the ‘banded ore’ of the district.” 
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The process of alternate deposition and movement, shown graphically 
in Figure 5, has operated at both Nevada City and Grass Valley. Each 
movement of the vein walls has resulted in an increase in space available 
for quartz deposition. Breccias were formed where there was room for 
them, sheared quartz where there was not room for breccias. Throughout 
the process, the hanging wall rested on vein material that was crushed 
and displaced until the wall met adequate support. 
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INTRODUCTION 
GENERAL FEATURES 


The Laramide! (late Cretaceous—early Eocene) igneous rocks or 
“porphyries” of the Front Range are largely confined to a belt about 
15 miles wide that extends diagonally across the pre-Cambrian core of 
the range, from Breckenridge northeast to Lyons (Fig. 1). The intru- 
sives show a wide variety both of composition and of form. Dikes are 
abundant throughout the porphyry belt, but stocks are concentrated 
along the northwest side, and sills are almost confined to the sediments 
bordering the pre-Cambrian near Breckenridge and between Lyons and 
Boulder. South of Boulder, late Cretaceous surface flows and a few dikes 
and sheets occur near Golden. Co-extensive with the porphyry belt are 
important ore deposits of lead-silver, gold, gold-telluride, tungsten, and 
fluorspar. 

Many contributions have been made on local problems of petrology 
and petrography, and a few papers dealing with some of the broader 
regional aspects have been published, notably the report of Spurr, Garrey, 
and Ball (1908, p. 67-83)? and the paper by Crawford (1924). However, 
any paper presenting a regional picture must necessarily include an in- 
tegration of the work of others. Thus, as a result of the work of many 
geologists, beginning with that of S. F. Emmons and Whitman Cross in 
the late ’80’s and extending on to the work of the present writers, the 
distribution and general sequence of the porphyries have been worked 
out, and in this paper an attempt is made to correlate the distribution 
with structural history and to account for the sequence by magmatic 
differentiation. The Laramide igneous rocks of the Mosquito Range 
have been included in the correlations, for they are identical with many 
of the rocks of the western part of the Front Range, and they furnish 
additional data on the problem. 

The fact of magmatic differentiation rests upon field observation, but 
an understanding of the process has come only with the careful investiga- 
tion of many laboratory workers, such as Bowen, Morey, Niggli, and 
others. Probably the most important synthesis of the physico-chemical 
work as related to magmatic differentiation which has yet appeared is 
that given by Bowen (1928) and familiarity with the principles set forth 
by him is assumed in the following discussion. 

In a field study of magmatic differentiation, it is essential both to 
establish the sequence of the igneous rocks and to ascertain the physical 


1In this paper the term ‘“‘Laramide” refers to the interval during which the Laramide or Rocky 
Mountain revolution was in progress—a broad time interval that marked the end of one era and the 
beginning of another. In no place does the term refer to the time when the Laramie formation was 
being deposited. 

2 See “Works to which reference is made” at the end of this paper. 
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conditions related to their intrusion or extrusion. Only after the solution 
of the field problems, supplemented by study of the composition of all 
the exposed Laramide igneous rocks, should one attempt to apply the 
knowledge obtained in the laboratory. Any paper concerned with the 
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Ficure 1—Sketch map of central part of the Front Range 


Showing distribution of Laramide igneous rocks. Lines B-B’ and C-C’ are the lines of the cross 
sections of Plate 1. 


geology of the porphyry belt of the Front Range should be regarded 
merely as a progress report and subject to continual revision as new data 
accumulate. Sufficient work has now been done, however, to develop 
regional relations whose interpretation may be of interest to those work- 
ing in other areas. 

Some acquaintance with the geology of the pre-porphyry terrain is 
essential to an understanding of the Laramide intrusives. Each year’s 
field work brings out more clearly the continuance of the broad positive 
and negative areas in this region and also the influence of the fine struc- 
ture of the early rocks on later orogeny. It is believed that heredity 
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played a leading part in the Laramide structural and igneous history, 
and for this reason a résumé of the salient geologic events is given. 


STRUCTURAL HISTORY 


The distribution of Laramide fractures and intrusives was influenced 
to a remarkable extent by the character of the earlier rocks. The massive 
rocks, such as granite, responded to stresses almost like isotropic bodies, 
but the metamorphic and sedimentary rocks showed marked weakness 
parallel to schistosity or bedding and tended to fracture along textural 
planes. The porphyry belt in large measure follows the edges of different 
pre-Cambrian granite stocks and batholiths, and winds in a slightly 
sinuous northeasterly course through the metamorphic rocks, from the 
border of one granite buttress to the next. In areas of interlayered 
granite and schist such as those intruded by the porphyries, faulting 
occurred chiefly within the schist layers or at the contact of schist and 
granite. The structure and lack of homogeneity of the basement rock 
seem chiefly responsible both for the fracture pattern and for the distribu- 
tion of the intrusives appearing during the Laramide revolution. 

As shown in Figure 1, the porphyry belt cuts a complex region of pre- 
Cambrian schists, gneisses, and granites. The schists are highly foliated 
biotite, quartz-biotite, and biotite-sillimanite schists of sedimentary 
origin, and comprise the Idaho Springs formation. In the southwestern 
part of the belt, a thick series of hornblendic gneisses, the Swandyke 
hornblende gneiss, is interlayed with the schist and appears to represent 
original diorite sheets which were metamorphosed, together with the sedi- 
ments of the Idaho Springs formation. These metamorphic rocks have 
been intruded by a series of three mid-pre-Cambrian granites—the 
Boulder Creek granite, the Pikes Peak granite, and the Silver Plume 
granite—which range in composition from quartz monzonite to silicic 
granite. In places, gneisses have been developed by the intimate injec- 
tion of schist into granites, or by regional deformation of some of the 
earliest intrusions, but for the most part the pre-Cambrian can be sepa- 
rated into the massive rocks or granites and the foliates or schists. The 
distribution of the granites and the metamorphic rocks, and the planes 
of structural weakness in the schist and gneissic granite are indicated in 
Figure 1. Large batholiths of Pikes Peak granite and the approximately 
equivalent Sherman granite are the dominant elements in the northern 
and southern parts of the Front Range, but in the area between, schist 
is as abundant as granite. A general northeasterly trend is apparent in 
the foliation of the schist, but near the granite batholiths, the structure 
is modified and is usually concordant with the granite borders. The dip 
of the foliation is steep or moderately steep in most places, but locally is 
moderately gentle. As pointed out by Lovering (1935, p. 8-9), “the 
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schistosity is nearly everywhere parallel to the bedding planes of the 
original sediments” and there is reason to believe that most of it “was 
developed during a period of batholithic invasion.” 

The Boulder Creek granite, which bears a border facies relationship to 
the Pikes Peak granite, has a distinct gneissic structure and is every- 
where a concordant intrusive. In the later granites there was an increas- 
ing tendency to discordant intrusion, and though the borders of the Silver 
Plume granite masses are broadly parallel to the foliation of the schists, 
in many places stocks, tongues, and dikes cut directly across the 
schistosity. 

Little is known of the post-granite pre-Cambrian history of this region. 
In western Colorado and eastern Utah, the Uinta Mountain group prob- 
ably belongs to the very late pre-Cambrian, and similar rocks are found 
to the north in Wyoming, Idaho, and Montana. It has recently been 
suggested that a deep trough existed in Beltian time in western Montana 
and extended some distance to the south, while the region to the east was 
distinctly high (Deiss, 1935). The presence of a great thickness of late 
pre-Cambrian rocks in the western part of Montana and their absence 
to the east lead to the belief that the geanticline extended south from 
Montana through Wyoming and Colorado. There is no indication of 
marked orogeny along this geanticline, and it is believed that erosion was 
the most notable geologic process affecting it. 

The early Paleozoic record reveals the appearance of a depositional 
basin in the central part of Colorado west of the present Front Range, 
with a connection to an eastern seaway near Canon City. So far as 
known, the early Paleozoic basins were not deep. During the Pennsyl- 
vanian and Permian epochs, however, marked downwarping of the troughs 
occurred, and sediments having a thickness of 10,000 to 13,000 feet were 
deposited in troughs bordering the old Front Range highland (PI. 1, fig. 
1). Field relations (Lovering and Johnson, 1933, p. 353-354) indicate 
the persistence of this positive area throughout Paleozoic time. Although 
it may have been completely submerged several times during the Paleo- 
zoic, there is clear evidence that the Front Range highland was wiped 
clean of sediments over a large area during the erosion intervals that 
separated the various Paleozoic formations. 

The history of the region during the Mesozoic parallels its Paleozoic 
history. During the Triassic and Jurassic periods, the negative areas 
sank but little, nor did the positive area rise perceptibly. During the 
upper Cretaceous, however, the troughs deepened from 6,000 to 11,000 
feet, and the highland itself dropped below the level of the sea and was 
buried to a moderate depth by shale and sandstone. It is uncertain 
whether or not the deepest parts of the Paleozoic and Mesozoic basins 
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coincide, but recent seismic work shows that approximately 21,000 feet 
of Paleozoic and Mesozoic sediments exist within a few miles of Denver. 
This is close to the region where the Upper Cretaceous has its maximum 
thickness, and suggests the approximate coincidence of the two basins of 
deposition (PI. 1, fig. 1). 

The fauna and flora of the Laramie and Denver formations? suggest 
Floridan conditions and an elevation of less than 1500 feet above sea 
level, but the total thickness of the two formations reaches as much as 
5000 feet, indicating a downwarping of the border elements relative to 
the highland, although the regional movement relative to sea level was 
upward. It thus seems certain that in Upper Cretaceous time, the Front 
Range highland began rising while the bordering troughs were still mov- 
ing downward. The Paleozoic as well as the Mesozoic sedimentation of 
the troughs suggests that during the general downward movement of the 
region the positive areas lagged behind, and that during regional uplift 
the troughs lagged. The proximity of the deepest parts of the sedi- 
mentary troughs to the highland is a feature of both Paleozoic and 
Mesozoic sedimentation in this region. At the beginning of Denver time, 
a highland between Middle Park and the Denver Basin was supplying 
detritus consisting almost wholly of pre-Cambrian rocks to the bordering 
lowlands, where earlier sediments had a thickness of about 20,000 feet. 
The minimum slope of the floor of the sediments is suggested by the ratio 
of thickness to distance, where thickness represents the deepest part of 
the trough, and the distance is that from the trough to the central part 


of the highland, or ae = 500 feet per mile. The coarseness of the 


debris in the Denver formation, however, suggests its derivation from an 
area standing well above the basis of deposition, and the slope of the 
pre-Cambrian floor, therefore, must have been steeper than the figure 
given. The form of the highland was more probably that of a flat arch 
(as shown in Pl. 1, fig. 1) whose steeper parts had slopes of at least 
1,000 feet per mile. 

As will be shown later, the first pebbles of volcanic rocks in the Denver 
formation are from andesites that welled up through a series of vents in 
the central part of the highland. The writers believe that the vents are 
now marked by a north-south line of stocks which include the intrusives 
near Mt. Albion, 5 miles west of Ward, and the Caribou stock (Fig. 1). 
The vents were probably localized along a zone of tension in the center 
of the rapidly arching highland that was responding to east-west com- 
pressive forces acting far below the surface of the arch. Shortly after 


3 The Denver formation and the equivalent Dawson arkose, fShoshone group and Middle Park 
formation formerly regarded as basal Eocene are now classed as late Upper Cretaceous and Eocene (?) 
by the U. S. Geological Survey. 
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the andesites had erupted, basaltic magma rose close to what might be 
regarded as a flaw or nick line in the lithosphere, where the pre-Cambrian 
floor sloped rapidly basinward. At about the time of the basalt flows, 
diabase dikes appeared along remarkably persistent rifts of northwesterly 
trend, suggesting a shift of deep-seated compression from east-west to 
northeast-southwest or at least an echelon re-solution of the earlier stress. 
There followed a more rapid accumulation of stress than could be accom- 
modated by simple arching, and failure occurred throughout the uplift, 
though most severely at the nick lines. Along both sides of the highland, 
symmetric northwest folds appeared en echelon, and the present Front 
Range was outlined. Many of the folds were broken by axial reverse 
faults, and from the latitude of Lyons southward, strong reverse faults 
of northwesterly trend formed without overfolding. Within the pre- 
Cambrian terrain, these early northwest-trending faults are abundant 
and apparently synchronous with east-west breaks, most of which show 
little evidence of large displacement. Both the breaks of northwesterly 
and those of westerly trends are persistent and are marked through long 
stretches by quartz-hematite veins of no commercial value. They are 
known locally as “breccia dikes” but will be here called “breccia reefs”. 
Although the mountain-building stresses were relieved over wide areas 
by the northwesterly thrusting and folding, orogenic forces were increas- 
ingly active in the central part of the range and were relieved by nearly 
horizontal shearing along a belt of steep faults that trend northeastward 
across the range. This transverse belt was the site of repeated intrusions 
of porphyries and several distinct periods of mineralization. The orogenic 
forces became more and more localized as they waned and were last 
effective in the region west of Boulder, where a triangular wedge a few 
miles broad was pushed a short distance westward at the time of the 
tungsten mineralization. The relations of the intrusive rocks to one an- 
other and to the structural history are summarized in Figure 2, and will 
be discussed briefly. 


GENERAL CHARACTER AND AGE RELATIONS OF THE LARAMIDE 
IGNEOUS ROCKS 


WESTERN PART OF THE FRONT RANGE 


The first appearance of Laramide igneous rocks in the Front Range is 
indicated by the presence of andesite pebbles in the lower part of the 
Denver formation (Upper Cretaceous and Eocene (?)) in South Park.‘ 


4Dr. C. H. Behre, Jr., Dr. J. T. Stark, Dr. William Powers, Dr. J. Harlan Johnson, and graduate 
students of Northwestern University under their direction, are largely responsible for working out the 
geologic relations in South Park, and the writers gratefully acknowledge their indebtedness to these 
workers for much of the information given on this region. Plant and vertebrate fossils found by this 
group and identified at the National Museum by Dr. R. W. Brown and Dr. C. L. Gazin, satisfactorily 
fix the age of the continental Cretaceous and Tertiary beds of the region for the first time. 
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Pebbles of the White porphyry of Leadville and of hornblende andesite 
and diorite porphyries, strikingly similar to those of Mount Silverheels 
(10 miles south of Breckenridge) and to the andesite porphyry sills in 
the Cretaceous nearby, are found at the base of the Denver formation. 
Intrusive rhyolite occurs in the lower part of the Denver formation, but 
pebbles of this rhyolite are found in conglomerate beds that probably lie 
within a thousand feet of its base. A few miles northeast of Hartsel in 
South Park the Denver formation lies unconformably upon the Fox Hills, 
with an angular discordance of approximately 45 degrees. The regional 
structure of the Denver and the other Cretaceous formations is the same, 
however, and elsewhere the angular discordance between the formations 
is not prominent. As the formation is followed along the outcrop from 
the northern part of the Park to the region near Hartsel, it overlaps the 
Laramie formation and rests upon the Fox Hills sandstone, cutting out 
several hundred feet of strata. The overlap is a gradual and progressive 
one, however, and does not suggest strong folding and uplift prior to the 
deposition of the Denver. It is probable that more conspicuous folding 
occurred to the west in the Mosquito Range and to the north along the 
western side of the Front Range while the structural basin of South Park 
was beginning to form. 

The concordant structure of the 7,500-foot section of the Denver for- 
mation indicates little or no folding during its deposition, but the forma- 
tion itself is strongly folded and involved in the Elkhorn thrust fault, 
which is believed to be contemporaneous with the main period of 
Laramide orogeny. According to Behre, Stark, and Jobnson, the lower 
portion of the Denver is rich in andesitic pebbles, but these become 
progressively less abundant in the higher beds, and the upper part of the 
section is composed almost entirely of pre-Cambrian debris. No pebbles 
of the coarsely porphyritic quartz monzonite of the type found at Lin- 
coln Mountain were noted. 

The northern borders of South Park and the Breckenridge, Tenmile, 
Leadville, Alma, and Tarryall mining districts lie in a petrographic sub- 
province of the porphyry belt of the Front Range, and the various types 
of porphyry found in each district can be correlated. The succession of 
the different types of porphyries is the same in each district for those 
porphyries whose age could be established. Most of the age relations 
noted by earlier investigators have been summarized by Lovering (1935, 
chart opposite p. 30), but some additional data are given. The sequence 
and orogenic relations of the porphyries are shown in Figure 2. 

In the Leadville and Alma districts, the White porphyry, the diorites, 
monzonites, and quartz monzonites with the exception of the obscure 
Breece Hill stock, are earlier than the folding and faulting of the district 
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Ficure 2.—Correlation chart of Laramide igneous rocks of the Front Range 
Showing relation to major structural events of the Laramide revolution. 
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(Emmons, Irving, and Loughlin, 1927, p. 52, 60), but, according to Singe- 
wald (1931, p. 397, fig. 4), the Lincoln porphyry is contemporaneous 
with the early stages of faulting and folding. The sequence of intru- 
sions in the Alma and Leadville districts is: (1) White porphyry, (2) 
diorite and monzonite, (3) medium-grained quartz monzonite porphyry, 
(4) Lincoln porphyry and Breece Hill stock, (5) late white porphyry (a 
rhyolite porphyry or silicic latite porphyry), (6) rhyolite agglomerate 
and explosion breccia. The sequence is similar to the pre-andesite por- 
phyries of the Monarch-Tomichi district, more than 50 miles to the 
southwest, as worked out by Crawford (1913, p. 178-179), but there the 
porphyries were apparently intruded after most of the folding and fault- 
ing had taken place. Their marked similarity to the rocks found in the 
Leadville-Breckenridge region is evident both in the hand specimens and 
in the chemical analyses. The folding may have occurred earlier than 
in the Mosquito Range and the Front Range, or the porphyries them- 
selves may have been intruded later. 

In the Tenmile district (Emmons, 1898, p. 3), hornblende diorite is 
earlier than the Lincoln porphyry, and the Lincoln porphyry is earlier 
than the rhyolite of McNulty gulch. All the porphyries of the Tenmile 
district are earlier than the ore deposits, and, with the possible exception 
of the rhyolite, all are said to be earlier than the faults of the northwest 
trend. 

The pebbles at the base of the Denver formation in South Park plainly 
indicate that the White porphyry and the diorite porphyry of Silverheels 
were intruded prior to the deposition of the formation, but Stark and 
Behre are uncertain whether or not the more silicic porphyries, such as 
the intermediate quartz monzonites, are represented among the pebbles. 
As will be shown, there is some evidence that the Silverheels stock occu- 
pies a volcanic throat, and it is believed that much of the andesite that 
is now represented by pebbles in the Denver formation of South Park 
was extruded through this conduit. The presence of stocks of hornblende 
monzonite and hornblende diorite along the axis of the north-northwest 
syncline between Como and Breckenridge, and the fact that the rocks are 
involved in much but not all the folding and faulting that accompanied 
the Laramide revolution (Lovering, 1934, p. 22, 47), suggests their intru- 
sion after the pre-Denver folding, and they may be contemporaneous 
with the Denver formation itself. Although the Lincoln porphyry is, in 
large part, earlier than the northwest-trending reverse faults of Lead- 
ville, Alma, and the Tenmile region, the similar-appearing Montezuma 
quartz monzonite a few miles north of Breckenridge is later than the 
northwest-trending Williams Range thrust fault. In all the districts the 
earlier porphyries are more faulted and folded than the Lincoln porphyry. 
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If the monzonites and diorites are contemporaneous with the Denver 
formation, as the evidence indicates, and the Lincoln porphyry is con- 
temporaneous with the folding that culminated in the strong northwest- 
trending reverse faults and thrust faults, such as the Elkhorn, Williams 
Range, and Mosquito faults, there must have been an appreciable lapse 
of time between the intrusions of the early diorites and those of the 
quartz mcuzenites. 

In the Montezuma district the succession of porphyries is similar to 
that in the Leadville-Breckenridge region, and the types are strikingly 
similar also (Fig. 2). Although the coarsely porphyritic Montezuma 
quartz monzonite which corresponds to the Lincoln porphyry is later 
than the northwest thrust fault, it is earlier than many of the northeast 
faults. The region from Montezuma to Silver Plume is also character- 
ized by porphyries whose appearance and succession is similar to that 
of the Leadville-Breckenridge area. It is worthy of note that nothing 
more mafic than augite diorite nor more alkalic than sodic monzonite 
has been found between Leadville and Silver Plume. 

The similarity in succession and type of porphyries from Silver Plume 
and Georgetown southwest to Leadville marks the region as a definite 
subprovince within the porphyry belt. The similarity is not confined to 
the porphyries, but extends to the type of mineralization. However, it 
would seem that, although the different porphyries appeared in the same 
order, and the mineralization which followed the intrusion of the latest 
porphyries was similar, the appearance of corresponding porphyries was 
not synchronous, a given type of porphyry appearing first in the south- 
western part of this subprovince (Fig. 2). 


EASTERN PART OF THE FRONT RANGE 


Early group.—The earliest Laramide igneous rocks in the eastern part 
of the Front Range are represented by andesite pebbles in the Upper 
Cretaceous part of the Denver formation of the Denver Basin. These 
pebbles first appear about 600 feet above the Laramie formation, and 
most of the material in the next 400 feet is andesitic detritus. Near 
Golden, interlayered flows of basalt are present at the top of this zone. 
Above the basalt horizon, increasing amounts of pre-Cambrian waste 
are present and finally predominate very largely (Emmons, Cross, and 
Eldridge, 1896, p. 156). According to Cross (Emmons, Cross, and 
Eldridge, 1896, p. 315), examination of hundreds of pebbles from the 
bottom to the top of the Denver formation did not reveal the presence 
of any eruptive rock type other than andesite. The chemical compo- 
sition of the andesite pebbles, as shown by analyses 1.3 and 1.4 in Plate 
2, is distinctive and unlike most of the intrusive rocks found within the 
Front Range. The andesites are remarkable for their high alumina con- 
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tent and their low magnesia, a characteristic shared only by the Lake 
Albion stock (Wahlstrom, 1932) 5 miles west of Ward, as shown® in 
analyses 1.5 and 1.6. Lava and volcanic debris similar to that in the 
Denver formation of the Denver Basin appear at the base of the nearly 
equivalent Middle Park formation near Hot Sulphur Springs. In each 
of these localities the coarseness and amount of andesitic material 
diminishes rapidly as the beds are followed away from the mountains, 
suggesting a source in the region between Middle Park, South Park, and 
the Denver Basin. The general character of the pebbles found in the 
Denver formation changes from bottom to top, becoming more mafic at 
the higher horizons. Magnesian 9 desites are represented by only a few 
pebbles of hypersthene-andesite in the Denver formation near the top of 
Green Mountain, about 1,000 feet stratigraphically above the basalt of 
Table Mountain. 

Although strong folding did not occur during Denver time, the arching 
of the Front Range highland continued with increasing prominence 
throughout this time, and it is to be expected that the stresses accom- 
panying the uplift would tend to create northerly-trending fissures where 
the crust was weakened by stretching. In the region just east of the 
Continental Divide, about 18 miles west of Boulder, a series of stocks, 
plugs, and dikes extends north for several miles, from the vicinity of 
Eldora to the head of Middle St. Vrain Creek (Fig. 1). In the foothills 
belt east of the Front Range, the diabase dike at Ralston extends in a 
northerly direction for several miles in the region just north of the basalt 
of Table Mountain. A similar alinement of andesite dikes has been 
noted in Middle Park, in the region southwest of Granby (Lovering, 
1930, p. 74). The earliest fractures definitely related to the Laramide 
revolution are those that cut or parallel the axial planes of the northwest- 
trending en echelon folds so prominent in the area between Boulder and 
Fort Collins. The ubiquitous hematite-quartz “dikes” or reefs that fill 
these faults have made them distinguishable in the pre-Cambrian terrain 
and have helped establish the age relations of intrusives and fracture 
systems intersected by them. The Caribou stock, which belongs to the 
northerly-trending series already referred to, is cut and displaced by an 
early northwest fault, indicating an emplacement prior to the Laramide 
folding and faulting of the foothills belt. It thus seems clear that the 
north-south alinement of stocks, as well as north-trending dikes in the 
foothills belt, indicates intrusion at an early date approximately con- 
temporaneous with the deposition of the Denver formation. Although 
the porphyries found in the Albion, Caribou, and related stocks differ 
profoundly in some respects, they are characterized by an unusually high 
content of titanium and aluminum. The composition of the dominant 


§ Unpublished data of E. E. Wahlstrom. 
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analysis. 


LOVERING AND GODDARD, PL. 2 


WESTERN SIDE OF FRONT RANGE 


Analysis 
number 
araesetiaaE 1.1 Mt. Zion porphyry—Prospect Mt., Leadville district. M. 12, p. 326. 
1.2 White rhs ee ma Gulch, Leadville district. P. P. 148, p. 45. 


Quartz monzonite porphyry—Mt. Silverheels northeast of Alma. C. G. 8. 31, p. 45. 


1 
1 Diorite porphyry—Boreas Pass. C. 8. 31, 45. 

Diorite porphyry—Wellington Mine, district. P. P. 62. 
A 


Hornblende-mica porphyrite—Buckskin Gulch, Leadville district. M. *, p. 340. 
Diorite porphyry—Wellington Mine, Breckenridge district. P. P. 75, p. 62. 


Diorite porphyry—MeNulty Gulch, Tenmile district. P. P. 14, p. 174. 


5 
.1 Quartz monzonite porphyry—North of Halfway, Tarryall district. “ . 8. 31, p. 43. 
.2 Evans Gulch sell sa Ste Gulch, Leadville district. P. P. 148, + 

-3 Quartz-hornblende-mica porphyrite—Gold Hill, Tenmile district. A. R. bn pt. 2, p. 227. 
.4 Quartz monzonite porphyry—Near Halfway, Tarryall district. C. G. , p. 45. 

.41 Quartz monzonite porphyry—Mt. Guyot, Breckenridge district. 58. 

.5 Quartz porphyrite—Sugarloaf, Tenmile district. A. R. 14, pt. 2, 

.6 Quartz monzonite porphyry—Little French Cr., Tarryall district. Pot . 81, p. 45. 
4 Quartz monzonite porphyry—Mineral Ranch Hill, Tarryall = gag o @ ‘s. 31, p. 45. 
3 
4 
5 
1 


Diorite porphyry—Copper Mountain, Tenmile district. B. 148, p 
Gray porphyry—Johnson Gulch, Leadville district. M. 12, p. 332. 


Lincoln porphyry—Mt. Lincoln, Leadville district. M. 12, p. 332. 

Quartz porphyrite—Chicago Mt., Tenmile district. A. R. 14, pt. 2, p. 227. 
Quartz monzonite porphyry—Brewery Hill, Breckenridge =. P. P. 75, p. 45. 
Granite porphyry—McNulty Gulch, Tenmile district. B. 148, 176. 

Quartz monzonite porphyry—Brown’s Gulch, Breckenridge district. P. P. 75, p. 45. 


Nevadite—Chalk Mt., Leadville district. M. 12, p. 589. 


EASTERN SIDE OF FRONT RANGE 


Andesite pebbles from lower part of Denver formation—Table Mt., Golden, Colo. B. 148, p. 159. 
Andesite pebbles from lower part of Denver formation—Table Mt., Golden, Colo. B. 148, p. 159. 
Monzonite—Lake Albion stock. Courtesy E. E. Wahlstrom, analyst, Boulder, Colo. 
Syenite—Lake Albion stock. Courtesy E. E. Wahlstrom, analyst, Boulder, Colo. 


Early basalt of Table Mt. Sag a oe 27, p. 308. 

Basalt of Table Mt.—Golden, Co 306. 

Diabase of ‘Iron Dike’ Gala Hal distriet. B. 228, p. 187. 
Gabbro—1 mile south of Caribou. P. P. 

Dolerite—Valmont dike, East of Boulder. oe on p. 301. 


Monzonite—Caribou district. P. P. 94, p. =. 
Monzonite—Caribou district. P. P. 4 
Monzonite—Caribou district. P. P. 94, 43. 
Quartz monzonite—1 mile south of Caribou, P. P. 94, p. 43. 


4.6 Gr diorite—J; town district. J. G. Fairchild, analyst, U. S. G. 8. 


5.41 Quartz monzonite porphyry—Mt. Guyot, Breckenridge district. P. P. 75, p. 58. 


6.3 Quartz monzonite porphyry—Brewery Hill, Breckenridge district. P. P. 75, p. 45. 
Nevadite—Chalk Mt., Leadville district. M. 12, p. 589. 
Hornblende monzonite—Nederland district. Fairchild, analyst, U. S. G. 


8.1 

8.2 Alkali syenite—Idaho Springs district. P. P. 63 134. 

8.3 Alkali granite-quartz monzonite—Jamestown district. J. G. Fairchild, analyst, U. S. G. S. 
9.1 
9.2 
0.1 


Trachyte—Sunset district. C. S. S. 6, p. 228. 
Bostonite—Idaho Springs district. P. P. 63, p. 134. 


Biotite monzonite—Nederland district. J. G. Fairchild, analyst, U. 8. G. S. 


11.1 Biotite latite—Idaho Springs district. P. P. 63, p. 134. Pee 
11.2 Biotite latite intrusion breccia—Nederiand district. J. G. Fairchild, analyst, U. S. G. S. 


12.1  Limbergite—Nederland district. J. G. Fairchild, analyst, U. S. G. 8. 


The analyses for which the analyst is listed have not previously been published. 

Abbreviations: A. R.—annual report of the U. S. Geol. Survey; B—bulletin of the U. Geol. 
Survey; C. G. S.—bulletin of the Colorado Geol. C. S. S.—Proceedings of the Clio. Sci. 
Soc.; M—monograph of the U. 8. Geol. Survey; P. P.—U. S. Geol. Survey Professional Paper. 
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rocks of the Lake Albion stock is shown in analysis 1.5 of Plate 2 and is 
strikingly similar to analyses 1.3 and 1.4 of the pebbles from the Denver 
formation below the basalt at Table Mountain. The equivalence in 
composition of the Albion stock and the pebbles, together with the ap- 
proximate contemporaneity indicated by the structural relations, has led 
the writers to conclude that the Albion stock fills the throat of a voleano 
from which was extruded much of the andesitic lava whose waste con- 
tributed so largely to the Denver formation to the east. It is believed 
that this stock represents the earliest of the Tertiary magmas in the 
northeastern part of the Front Range. 

A reconnaissance of the Albion stock led the writers to believe that 
some differentiation occurred during its solidification. According to E. E. 
Wahlstrom,® who is engaged in a detailed study of the petrology of this 
region, the sodic syenite, represented by analysis 1.6, Plate 2, cuts the 
main stock, but is itself earlier than the high-temperature aegirite- 
quartz-asbestos-galena vein of the Lake Albion mining district. The 
general character of this vein indicates its hypothermal character. An 
analysis of pyroxene from the vein shows a high concentration of soda 
and potash and would harmonize with a continuation of the process 
leading to the sodic syenite from a magma whose original composition 
was that of analysis 1.5. Hornblende-biotite-monzonites of more mafic 
character, resembling the hornblende-biotite-monzonites of the Caribou 
stock, contain angular inclusions of the main-stock rock. 

The similarity of the bulk of the Caribou composite stock to the late 
mafic rocks of the Albion stock suggests that it was intruded after the 
Albion stock had solidified. The structural evidence indicates that it 
was emplaced early, and the presence of an early gabbroic border facies 
hints at emplacement during the epoch of basaltic intrusions, to be de- 
scribed. Although the lack of pebbles in the Denver formation that 
correspond to the more mafic varieties of the Caribou differentiate may 
indicate a post-Denver age, this absence is explained equally well by 
deeper cover during solidification. 

Cross (Emmons, Cross, and Eldridge, 1896, p. 284) believed that the 
basalts of Table Mountain were derived from fissure eruptions having 
their source in the north-northwest Ralston dike a short distance to the 
northwest, and the present writers concur. The earliest basalt on Table 
Mountain occurs about 100 feet below the capping flows and is more 
mafic in composition (analyses 2.4 and 2.5, Pl. 2). The northwesterly 
trend of the structural features which began about the time of the Ralston 
dike intrusion became more evident as the arching of the Front Range 
highland increased and culminated with the en echelon folds and north- 
west-trending faults already mentioned. The Iron Dike, a persistent 


6 Oral communication. 


+ 

Ve 

g 

} 

3 
| 
} 
i 
el 
4 
: 
bag 
Hy 

: 

| 

4 


48 LOVERING, GODDARD—-LARAMIDE SEQUENCE AND DIFFERENTIATION 


diabase dike that extends northwest from Magnolia into the northern 
part of the Rocky Mountain National Park, a distance of more than 35 
miles (Boos, 1933), seems contemporaneous with the early stages of the 
northwest folding. It is cut and displaced by the northwest-trending 
‘Maxwell “breccia reef,” just south of Allen’s Park. Here the reef turns 
from the northwest trend, characteristic of these fractures near the east- 
ern border of the Front Range, to the west-northwest trend that is typical 
of these early fractures in the central part of the Front Range (Fig. 1). 
In all places where the writers have examined the Iron Dike, it dips 
steeply to the southwest, and the linear structure of the crystals pitches 
almost straight down the dip of the dike. If the linear structure repre- 
sents the direction of movement of the magma, as seems highly probable, 
the universally steep pitch strongly suggests derivation from a deep 
reservoir of widespread magma. 

Within the Nederland tungsten district, the Iron Dike changes its 
thickness abruptly at its intersections with certain east-west fractures, 
and in other localities it is displaced by east-west faults, suggesting the 
presence of incipient easterly-trending fractures at the time of its em- 
placement, and later movement along fractures of the same system. Both 
within the tungsten district and in the neighboring gold telluride districts 
the early northwest-trending breccia reefs intersect similar east-west 
breccia reefs with no displacement. It thus seems probable that east- 
trending fractures began developing soon after the northwest-trending 
fissures were formed. In some places the east-trending faults are earlier 
than the northeast-trending fissures of the mineral belt, but, in most 
localities, renewed movement along east-trending fractures accompanied 
the formation of the northeast-trending fractures and obscured their age 
relations. The writers believe that the east-west dolorite dike at Val- 
mont near Boulder was emplaced soon after the Iron Dike, but admit 
the possibility that the Valmont dike is of still later age and more nearly 
contemporaneous with the renewed movement on the east-trending frac- 
tures during the later stages of the Laramide revolution. The analysis 
of the Valmont dike given in analysis 2.8, Plate 2, is similar to those of 
the basalts of Table Mountain and the Iron Dike. 

The evidence given suggests that the early Laramide intrusive masses 
in the Front Range were formed in the following order: (1) the Mount 
Albion stock, which supplied andesitic pebbles to the Denver formation; 
(2) the Ralston dike and the basalts of Table Mountain; (3) the Iron 
Dike; (4) the Caribou stock and its differentiates; and (5) the Valmont 
dike. 

Late group—Among the younger rocks of the eastern part of the 
Front Range, porphyries and ores of the types found to the southwest 
are abundant, and, in addition, intrusive rocks and mineral deposits of 
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entirely different character occur. The post-diabase succession of diorite, 
monzonite, quartz monzonites, and rhyolite, is similar to the porphyries 
found to the southwest, but more mafic rocks such as limburgite, and 
more alkalic rocks such as alkali syenite, bostonite, and trachyte are 
also common. A third group of rocks differing from those just mentioned 
includes the volatile-rich biotite monzonite and biotite latite porphyries. 
They are sparsely distributed in the region from Georgetown to the 
northeastern end of the mineral belt and are confined to the areas where 
gold telluride deposits are found. 

In the Jamestown district, where the succession of most of the | por- 
phyries has been worked out by Goddard (see “Works to which reference 
is made” at the end of this paper), the hornblende diorite dikes cut the 
Iron Dike; a large stock of hornblende diorite is earlier than a stock of 
coarsely porphyritic quartz monzonite; and quartz monzonite dikes are 
earlier than bostonite. The hornblende diorite is later than a northwest- 
tending breccia reef, but the presence of parallel northwest-trending 
dikes of hornblende diorite suggests that this diorite was intruded during 
the period of waning northwest tensional stresses. Most of the horn- 
blende diorite dikes strike east or northeast, and the dominant trend of 
the later dike rocks in the Jamestown district is also northeast. 

Near Gold Hill the writers found the Iron Dike of diabase cut by a 
rhyolite porphyry. Near Ward, Wahlstrom (1936, p. 111) found a bio- 
tite-hornblende monzonite dike cutting a pyritic quartz vein which is 
later than the hornblende quartz monzonite porphyry dikes of the Ward 
district. This vein contains seams of hematite, and its general character 
leads the writers to believe it a facies of the “breccia reefs.” The later 
biotite-hornblende monzonite is believed by the writers to be related to 
the hornblende monzonite dikes of the Nederland district and to be an 
early member of the alkalic sequence chiefly represented by bostonite 
and trachyte. In the same district the writers found the alkalic syenite 
cutting rhyolite porphyry, a “breccia reef,” and hornblende quartz mon- 
zonite. The “breccia reef” also cuts the hornblende quartz monzonite. 
Southeast of the Ward district, a mile east of Sunset, the monzonite and 
trachyte of Worcester (1921, p. 38-40) were found to be the same as the 
alkali syenite and bostonite, respectively, of Ball (1908, p. 78-79, 81-83). 
The “trachyte” cuts cleanly across the platy structure of the “monzo- 
nite,” though the linear structure in both pitches southeast at about 45 
degrees. In this locality, an intrusion breccia includes fragments of both 
the “trachyte” and the “monzonite” in a latite matrix. About 3 miles 
east of Sunset the writers observed a biotite monzonite porphyry dike 
cutting through a dense sanadine-bearing felsite, which is remarkably 
free from ferro-magnesian minerals, and probably allied to the alaskites 
and rhyolites. Farther east, near Logan Hill, about 5 miles west of 
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Boulder, a biotite latite porphyry closely related to the biotite monzonite 
porphyry is later than the Hoosier breccia reef of hematite and quartz 
and locally grades into biotite latite intrusion breccia. It was intruded 
at a late stage in the faulting, but preceded the gold-telluride mineral- 
ization (Fig. 2). In a narrow belt that extends west-southwest from 
Logan Hill nearly to Caribou, more mafic porphyries are found’ than in 
the region to the north or to the south. Just southeast of Sugarloaf 
Mountain, a limburgite dike cuts the Iron Dike of diabase, but its rela- 
tion to the abundant hornblende monzonites and biotite monzonites to 
the west is uncertain. The limburgite is later than. most of the pre- 
mineral faulting in the region, but is earlier than the tungsten ores. 


GENERAL CORRELATION OF THE PORPHYRIES 


As shown on the chart (Fig. 2), there is a remarkable similarity in 
the general sequence of porphyries throughout the Front Range. If the 
folding ar:i various systems of faulting are regarded as essentially con- 
temporaneous throughout the Front Range, it is apparent that there was 
a general progression of intrusions from southwest to northeast, corre- 
sponding lithologic types appearing earlier in the southwestern part of 
the porphyry belt than to the northeast. It is quite possible, however, 
that the lithologic types themselves were contemporaneous and that the 
folds and the fault system to which they are related in the chart were 
not contemporaneous in different parts of the Front Range. The general 
succession southwest of Silver Plume began with the aluminous silicic 
andesite known as the White porphyry, and was succeeded by more and 
more mafic rocks until porphyries whose composition is that of augite 
diorite were intruded. The later intrusions became progressively more 
and more silicic and alkalic, as monzonite, quartz monzonite, sodic 
monzonite, and rhyolite porphyry were intruded and were followed by 
the formation of lead-zinc-silver deposits in each of the major districts. 

Northeast of Silver Plume the earliest rocks, highly aluminous mon- 
zonites and felsites, were followed by more and more mafic rocks until 
gabbros and olivine basalts were emplaced. These rocks were followed, 
in turn, by monzonites and hornblende or augite diorite, similar to the 
more mafic rocks in the southwestern part of the porphyry belt. The 
monzonites were followed, in turn, by quartz monzonite porphyry alas- 
kite or rhyolite porphyry, alkalic syenite, bostonite, and pyritic gold- 
silver-lead ores. In a few districts, a later telluride mineralization was 
preceded by biotite monzonite porphyry or biotite latite porphyry and 
pyroclastic dikes or intrusive breccias of similar composition. Still later 
than the deposition of the telluride ores the tungsten mineralization 


took place. 
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MAGMATIC DIFFERENTIATION OF THE PORPHYRIES 
PHYSICAL CHEMISTRY 


At first glance the early series of porphyries might seem out of har- 
mony with the theory of differentiation elucidated by Bowen (1928), in 
which continuous and discontinuous reaction, together with crystal set- 
tling and filter-pressing are used to explain the petrogenesis of different 
rock types. If it is remembered that the melting of a charge generates 
a liquid whose composition changes along a curve that is just the reverse 
of that of a crystallization path, the change in the composition of the 
early magmas would seem a logical consequence of the gradual melting 
of a mafic crystalline substratum of the earth’s crust. Although systems 
of more than three components have been little investigated as yet, a 
study of certain three- and four-component systems is helpful in under- 
standing the multi-component rock systems. As shown in Figure 3 the 
four-component system SiO,-A].0,-CaO-Mg0O has been sufficiently studied 
. to indicate the general position of the surfaces bounding the different 
_ fields. The four ternary systems which compose the sides of the quater- 

nary tetrahedron are shown in Figure 3B, and the general nature of the 
surfaces underlying the silica field is shown in Figure 3A. On the as- 
_ sumption that calcium may be substituted for soda and potash and that 
magnesia may be substituted for iron, the composition of the early ande- 
site pebbles in the Denver formation and of the Albion stock is close 
.to the quaternary point at which the tridymite, wollastonite, anorthite, 
and pyroxene fields meet (analyses 1.3, 1.4 and 1.5, Pl. 2). The analyses 
of the more mafic early rocks such as 2.4 and 2.5 (basalt of Table Moun- 
tain) and 2.6 (the Iron Dike) show a composition lying on or close to 
the interface between the anorthite and the olivine fields near the anor- 
thite-diopside tie (Fig. 4A). The crystallization path of material of this 
composition would follow the olivine-anorthite interface to the intersec- 
tion of the pyroxene field. At the line of intersection, reaction between 
the melt and the olivine would occur, with the formation of clinopy- 
roxene as the result. If the composition of the original melt lay at a 
point above the pyroxene-anorthite join, reaction would convert all the 
olivine to pyroxene before the melt were used up (Fig. 4A). Subsequent 
crystallization would carry the crystallization path along the diopside- 
anorthite interface toward the silica field. A study of the albite-anor- 
thite-diopside diagram (Fig. 4B) indicates that the addition of the albite 
molecule to anorthite enlarges the diopside field, moving the boundary 
closer to the line representing the plagioclase composition. Thus, it is 
probable that the last liquid to crystallize would have a composition 
represented by the quaternary point between the fields of wollastonite, 
anorthite, tridymite, and pyroxene and that the presence of soda and 
potash will pull this point directly away from the MgO corner of the 


} 
ies 


pues 10738 Weyshg “YE JO OY} JO OY, dn BuryeuI sulozsAs INO} (q) 

Ul UMOYS 07 SIOQUN ey} soujins Jo Burmoys fepour (vy) 
0°90 


‘ 


LOVERING, GODDARD—-LARAMIDE SEQUENCE AND DIFFERENTIATION 


52 


=. 

< 
\ 


3} H. E. Merwin: Zeit. anorg. allgem. Chem., vol. 


96 (1916) p. 309. 


PHYSICAL CHEMISTRY 53 


tetrahedron. As the fusion path is the reverse of the crystallization path, 
the writers believe that the early andesites and the early facies of the 
Albion stock were drived from the initial liquefaction of more mafic 
rocks, similar in composition to that of the diabase Iron Dike. 

In the western part of the range the earliest porphyry is the White 
porphyry, whose composition is given in analyses 1.1 and 1.2, Plate 2. 
Its composition corresponds closely to the ternary point between the 
fields of tridymite, mullite, and anorthite, and the composition of the 
augite diorite of this region (analysis 4.2) corresponds closely to a point 
on the surface separating the field of tridymite from that of pyroxene 
near the anorthite boundary. Study of the four component system shown 
in Figure 3A suggests that a melt having a composition close to the line 
between the pyroxene-anorthite-silica fields would crystallize at the 
quaternary point, pyroxene-anorthite-silica-wollastonite, the last liquid 
to crystallize being little more silicic or aluminous than the original. 
The albite-anorthite-diopside diagram shows that the crystallization path 
of a melt whose composition lies near the diopside-plagioclase boundary 
becomes progressively richer in alumina and silica. The writers suggest 
that a few per cent of potash and soda would change the crystallization 
path of the point on the pyroxene-silica interface of Figure 3A and ac- 
cordingly result in a residuum, which, if its potash and soda were com- 
puted as calcium, would plot close to the mullite-silica-anorthite ternary 
point. It is believeu that the crystallization path of diorite, such as 4.3, 
Plate 2, would probably end with a liquid whose composition is close to 
that of the White porphyry as represented by the ternary point just 
mentioned. 

Ransome (1911, p. 51) has noted hornblende surrounded by reaction 
rims of augite and magnetite in the early augite diorites of the Brecken- 
ridge district—the reverse of the usual reaction series. Similar reaction 
rims are apparently present in the early monzonite porphyry of Mt. 
Silverheels (Muilenburg, 1925, p. 44). Partial or complete alteration of 
hornblende to augite and of biotite to hornblende or pyroxene is com- 
mon in both hypabyssal rocks and lavas. The normal pyroxene-horn- 
blende-biotite reaction series is dependent on crystallization in a hydrous 
melt, and so a marked relief of pressure attended by the loss of much 
water from the magma might reverse the sequence of these minerals. 
It is believed that a rapidly decreasing vapor pressure during crystalliza- 
tion caused the reversal of this part of the reaction series. It seems 
quite possible that the stocks in which these relations exist occupy vol- 
canic throats and were directly connected with the surface when crystal- 
lization occurred. In the later rocks, a normal reaction series is evident, 
and Lovering (1935, p. 32) has described a monzonite porphyry from the 
Montezuma quadrangle, in which cores of augite are surrounded by horn- 
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blende, which, in turn, is surrounded by a reaction rim of biotite. This 
is the reaction expected during the cooling of a mafic rock when a por- 
tion of the most femic material is removed from the residual liquid by 
either zoning or crystal settling. 

The general parallelism of the differentiation in the eastern and west- 
ern portions of the mineral belt is suggested by the marked lithologic 
similarity in the successive facies of the granodiorite-quartz monzonite- 
rhyolite sequences in the two provinces. The only analysis of this group 
in the eastern province is that of the granodiorite at Jamestown (no. 4.6, 
Pl. 2), which is very close to those of the diorites and monzonites of the 
western slope (analyses 4.1 to 4.5). Although the magma that formed 
at the time of the maximum melting of the deep layer may have been 
more mafic than the augite diorites and the gabbros, a study of the 
equilibrium relations in the tetrahedron (Fig. 3A) suggests that this is 
unlikely. If the earliest magma represents fusion of the residual liquid 
that would be left during the last stage of crystallization of a melt whose 
composition was that of the deep layer in question, it is seen that, if the 
composition was much more mafic than that of the augite diorite or 
the gabbro, the crystallization path would have to begin in one field, 
leave it, and completely cross another field, a course which would be 
impossible if equilibrium were maintained. A similar argument is equally 
valid for the reverse course followed during the melting of the material. 
The writers therefore believe they are justified in assuming that the 
parent magma in the western part of the mineral belt is fairly repre- 
sented by an augite diorite, and in the eastern part by olivine gabbro. 
Small masses of ultra mafic rocks occur in the eastern part of the por- 
phyry belt, but their age relations indicate special conditions of genera- 
tion, as will be discussed. 

DIFFERENTIATION IN THE WESTERN PART OF THE FRONT RANGE 


A change in a rock series by differentiation should be foreshadowed 
by the mineralogy and texture of the rock preceding it in the series. 
Reaction relations noted in thin sections, the composition of the pheno- 
crysts as contrasted to the minerals in the groundmass, and the order 
of crystallization suggest the possible change in a magma if crystal set- 
tling or filter-pressing has taken place. This is well illustrated by the 
progressive change in the plagioclases in the diorite-quartz monzonite 
differentiation series which accords with the continuous reaction rela- 
tion observed by Bowen in his laboratory studies on the series. 

In the monzonite, phenocrysts of augite and of labradorite or andesine 
are conspicuous, but in the groundmass the plagioclase is less calcic, and 
orthoclase and free quartz appear. The next rock in the series, an inter- 
mediate quartz monzonite, contains much more of the groundmass min- 
erals of the earlier rock—namely, free quartz, orthoclase, and less calcic 
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plagioclase—and instead of augite, hornblende, the next mineral in the 
reaction series, is the dominant ferromagnesian mineral. Formation of 
such a magma from the earlier one by crystal settling seems indicated. 
In the rocks later than the intermediate quartz monzonite, hornblende 
is relatively rare, and biotite is the common mafic mineral. This is in 
harmony with the reaction relations between augite, hornblende, and 
biotite, already noted, and probably reflects an increasing proportion of 
volatile constituents. 

In the intermediate quartz monzonite, orthoclase is less abundant as 
a phenocrystic constituent than is quartz, but both are abundant in the 
groundmass. In the Lincoln porphyry and the sodic quartz monzonite— 
both later than the intermediate quartz monzonite—the proportion of 
total quartz which is present in phenocrysts increases much more rap- 
idly than does the phenocrystic orthoclase. A study of many thin sec- 
tions indicates that in those rocks in which the relative amounts of 
plagioclase and orthoclase correspond to that required for quartz mon- 
zonite, as defined by Grout (1933, p. 50), a general relationship can be 
traced between the composition of the plagioclase and the proportion of 
total orthoclase and quartz present in the groundmass. In the porphy- 
ries containing andesine phenocrysts, the ratio of phenocrystic quartz 
to phenocrystic orthoclase is nearly the same as the ratio of quartz to 
orthoclase in the groundmass. Where the plagioclase phenocrysts are 
oligoclase, the proportion of the total quartz present as phenocrysts is 
larger than the proportion of phenocrystic orthoclase to total orthoclase. 
Thus, if two-thirds of the quartz is present as phenocrysts; approxi- 
mately one-third of the total orthoclase may be expected as phenocrysts. 
Where the plagioclase is albite, or albite-oligoclase, commonly most of 
the quartz occurs as phenocrysts, and the proportion of phenocrystic 
orthoclase remains relatively small. The aplitic dikes and masses found 
in the quartz monzonite stocks commonly consist chiefly of orthoclase 
and albite-oligoclase, but quartz is locally a prominent mineral. The 
course of differentiation giving rise to quartz-poor aplites is in harmony 
with that expected if the phenocrystic constituents were removed from 
the quartz monzonite magma by filter pressing. 

In the laboratory (Bowen, 1928, p. 37), it has been found that under 
anhydrous conditions orthoclase has an incongruent melting point and 
shows a decided reluctance to crystallize, but the presence of water vapor 
under pressure greatly changes its behavior. According to R. W. Goran- 
son,” crystallization takes place rapidly if the vapor pressure of water 
is high. In contrast to orthoclase, quartz crystallizes readily from both 
anhydrous and hydrous melts. 

Evidence of the increasing concentration of volatiles during the differ- 


7 Oral communication. 
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entiation of the diorite-quartz monzonite-alaskite series has been re- 
corded elsewhere (Singewald, 1933, p. 16-29; Lovering, 1935), and the 
writers believe that the petrographic evidence is in large part explained 
by the laboratory experience already cited. Some of the more important 
testimony for the gradual increase in the volatile constituents of the dif- 
ferentiating magma includes the change from hornblende to biotite, the 
deuteric alteration in the later rocks (Singewald, 1935), and the exo- 
morphic contact metamorphism caused by the Lincoln porphyry stocks 
in the Montezuma and Breckenridge districts (Lovering, 1935, p. 59). 

The intrusion of the Lincoln porphyry near Montezuma and Brecken- 
ridge was accompanied by the silicification of vast amounts of shale, 
but the porphyries themselves are not silicified. It is impossible to esti- 
mate the total amount of silica introduced into the sediments, but there 
can be little doubt it was a quantity sufficient to appreciably change 
the composition of whatever magma it was withdrawn from. The de- 
silication of volatile-rich magma during the absorption of silica by the 
shale envelope was probably as important locally, in changing the com- 
position of the magma, as was the loss of silica through the early crys- 
tallization of quartz. Indeed, it is possible that the lack of free quartz 
in the groundmass of the sodic quartz monzonites may reflect the desili- 
cation through extraction by volatiles moving from the magma into the 
surrounding country rock, rather than the normal phase relations in 
anhydrous melts, but more experimental data are needed before this pos- 
sibility can be appraised.® 

The relatively small bulk of rhyolite and granite porphyry was prob- ~ 
ably formed by filter-pressing the residual liquid of the quartz mon- 
zonite porphyries before desilication of the groundmass material had 
progressed far. 

The observations of Butler and Vanderwilt (1933, p. 215) on Lincoln 
porphyry dikes near Climax, where they report that large phenocrysts 
of orthoclase were absent in the margins of a dike which were somewhat 
more calcic than the central portion, suggest that the phenocrysts are 
not intratelluric in origin but have formed in large part after the em- 
placement of the dike. It is probable that the large size of the pheno- 
crysts reflects a low viscosity, due in part to the high concentration of 
volatiles in this magma. The late age of the orthoclase in the stocks 
of Lincoln porphyry is attested by the inclusions of small euhedral 
plagioclase laths in the large phenocrysts and the presence of smaller, 
irregular masses of orthoclase poikilitically enclosing both quartz and 
plagioclase crystals. In many of the quartz monzonite porphyries the 


8A good theoretical treatment of the part played by gases during the consolidation of a magma 
will be found in Ore deposits of the Western States [Lindgren volume, Am. Inst. Min. Metal. Engr., 
(1933)], in the contributions of C. N. Fenner, N. F. Bowen, and C. S. Ross in Chapter III [p. 58-144, 
Physical-Chemical Investigations]. 
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quartz phenocrysts are bordered by an optically continuous zone of 
quartz grains in the groundmass, but orthoclase crystals with a similar 
relationship to the orthoclase of the groundmass are relatively rare. This 
supports the conclusion that the quartz phenocrysts grew more rapidly 


than those of orthoclase. 
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Ficure 5—Von Wolff diagram of Laramide differentiation sequences of the Front 
Range 
Showing area included in enlarged partial diagrams of Figures 6 and 7. 


The foregoing discussion is believed to show that differentiation of 
an augite diorite magma by crystal settling, partial solidification, and 
crystal filtration would yield the succession of rocks found in the south- 
western part of the mineral belt, as indicated on the Von Wolff diagrams 
(Figs. 5 and 7). 

The diagram (Von Wolff, 1923, vol. 2, p. 35-45; Johannson, 1931, 
vol. 1, p. 109-116) is used because of the clarity with which it brings 
out genetic relationships. If in a differentiation sequence the composi- 
tion of the material removed from the magma is marked, the plot of 
the residual magma moves directly away from this point. The basis 
of the classification is the calculation of the rock into normative feld- 
spar, pyroxene, and silica, but if the rock is undersaturated the silica 
required in calculating the feldspar and pyroxene is shown as a minus 
quantity. A triangle having 200 units to a side is used; the horizontal 
line at 100 marks the composition of silica saturation, and the left and 
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right ends of this line have the composition of feldspar and pyroxene 
respectively. Undersaturated rocks, such as gabbro, lie below this line, 
and rocks containing free quartz, such as granite, are above the line. 

It is worthy of note that the most sodic rock in the Leadville-Silver 
Plume differentiation series is sodic quartz monzonite and that the source 
magma in this region is no more mafic than an augite diorite; whereas 
in the northeastern subprovince, rocks as alkalic as the bostonites and 
alkali syenites are present, and here a much more mafic source magma 
is indicated. This suggests that the more mafic source magmas were 
capable of yielding more alkalic differentiates, a genetic relation that 
has been recognized by Daly, Lacroix, and other petrologists. 


DIFFERENTIATION IN THE EASTERN PART OF THE FRONT RANGE 


Early differentiates—The rocks of the Caribou stock have been de- 
scribed by Bastin (Bastin and Hill, 1917, p. 40-50), Jennings (1912, p. 
14-25), and Singewald (1913, p. 125-128), but new data suggest a some- 
what different interpretation of the origin. In many ways the rock series 
near Caribou is unique in the porphyry belt. Sub-silicic monzonite, 
gabbro, olivine-gabbro, and titaniferous iron ores are intimately related 
to one another, and though there is some doubt as to the age relations 
of the titaniferous iron ores, it is believed by Smith (1936) that the 
order of intrusion is as follows: magnetite-periodite, iron ore, magnetite- 
rich gabbro, gabbro, monzonite, quartz monzonite. According to Bastin, 
who explained the entire series by differentiation, all the rocks show 
gradations from one to another, but Smith believes that many of them 
have been developed by replacement rather than by differentiation. The 
presence of titaniferous iron ores and olivine-rich rocks in dike-like 
masses within the monzonite stock suggests a somewhat later age, and 
according to Bastin, in places these rocks have sharp contacts with sur- 
rounding monzonite, and in other places there is a gradation from the 
ultra-mafic type into the monzonite. Locally, the monzonite encloses 
angular fragments of some of the mafic rock. All observers agree that 
gabbro is the border facies of the stock, and it seems probable that the 
gabbro (analysis No. 2.7, Pl. 2) represents the composition of the magma 
from which the monzonite has been derived through differentiation. 

Some facies of the olivine-biotite-amphibolite-magnetite rocks of the 
stock so closely resemble the metamorphic “lime-silicate’ member of 
the surrounding Idaho Springs formation, that the writers feel confident 
the two are identical. This calcareous rock exhibits great variations in 
its mineralogy, and its readiness to react under conditions of dynamic 
or igneous metamorphism are amply demonstrated in the nearby region. 
It is believed that xenoliths of the lime-silicate rock have reacted with 
the gabbro and monzonite magmas, creating the peculiar ultra mafic 
rocks that have generally been regarded as differentiates. 
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As already noted, the Caribou stock is earlier than a northwest-trend- 
ing “breccia reef” and thus probably pre-dates the normal monzonite- 
quartz monzonite and syenite-bostonite differentiation series in the east- 
ern part of the Front Range. The gabbro of the Caribou stock is much 
less silicic than the supposed parent gabbro magma of this part of the 
mineral belt, represented by the Iron Dike. The Caribou-Bald Moun- 


Taste 1—Change in deep-source magma resulting from removal of material 
corresponding to Mt. Albion stock 


SiO, | Al.O; | FesO;| FeO | MgO | | Na,O | K,0 | H:0 


Average of early 
basalt of Table 
Mountain, gabbro 
of the Iron Dike 
and dolerite of the 


Valmont Dike...... 48.95) 18.59) 2.88) 7.28) 5.30) 8.20} 3.08) 3.28) 1.27 
Above average times 

97.90) 37.18) 5.76) 14.56] 10.60) 16.40) 6.16) 6.56) 2.54 
Less monzonite of Mt. 

Albion stock....... 56.62) 21.39) 1.18) 2.18 5.64) 4.91) 5.63] .50 
Gives theoretical resid- 

41.30) 15.79} 4.58) 12.36} 10.31) 10.76) 1.25) .93)] 2.01 
Compare with gabbro 


of Caribou stock....| 44.26) 13.95) 7.84) 8.87) 6.59) 10.41) 1.81) 1.75) 1.54 


tain stock is just south of the highly aluminous Albion stock, which rep- 
resents one of the earliest Laramide magmas of the Front Range. If 
the Albion stock represents the earliest liquid generated during the grad- 
ual fusion of a gabbroic substratum whose composition was like that 
of the early basalt of Table Mountain, the gabbro of the Iron Dike, 
and the dolerite of the Valmont dike, the gabbroic material from which 
the Albion stock was removed must have been correspondingly impov- 
erished in its salic constituents. So far as can be judged from surface 
exposures, there is relatively little difference in the quantity of magma 
in the Albion stock and in the Caribou-Bald Mountain stock. One might 
obtain some idea of the composition of the residual material of the 
gabbroic magma, by subtracting from two parts of gabbro one part of 
material whose composition is equivalent to that of the Albion stock. 
The result of such a calculation is reasonably close to the actual com- 
position of the gabbro at Caribou. It is therefore suggested that the 
gabbro border facies of the Caribou stock represents the residuum left 
after the removal of the liquid formed during the early stages of the melt- 
ing of a deep gabbroic substratum (Fig. 6). 
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The differentiation of the mafic gabbro of the Caribou stock through 
crystal settling would result, first in a subsilicie monzonite, but ulti- 
mately in a quartz monzonite (Fig. 6). The composition of the gabbro 
apparently falls on the line between the fields of olivine, pyroxene, and 
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Ficure 6.—Portion of Von Wolff diagram showing magmatic sequence in the Caribou 
stock and adjacent region 
Numbers refer to the rock analyses given in Plate 2. 


anorthite in the tetrahedral model shown in Figure 3. The introduction 
of dolomitic fragments should cause reactions yielding olivine and basic 
pyroxene, probably accompanied by the separation of titaniferous mag- 
netite. 


Late differentiates—In the eastern part of the Front Range, one finds 
not only the diorite-quartz monzonite-alaskite series similar to that of 
the western part of the range, but three other series of more unusual 
character. These are an alkalic series of diorite-syenite-bostonite, a 
biotite-monzonite-latite series, and a group of limbergite dikes. The 
diorite-quartz monzonite-alaskite series may be explained as the normal 
differentiation from mafic to silicic facies noted in the western part of 
the range. The alkalic series, though definitely later than the diorite- 
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alaskite series, does not appear to have been derived from this series, 
but to have been derived directly from the basaltic parent magma. The 
early member of this series is in most places a syenite, but at James- 
town it is a quartz-poor granite close to quartz-syenite in composition. 


FELDSPAR 


MAFICS 


Ficure 7.—Portion of Von Wolff diagram showing magmatic sequences of eastern and 
western slope 


Eastern slope province (solid lines), western slope province (broken lines). Numbers refer to rock 
analyses of Plate 2. 


It seems probable that this group, which is prominent in the eastern 
part of the range, was derived from the parent basaltic magma by the 
slow cooling process postulated by Bowen (1928, p. 236-240) for the 
origin of trachytic rocks. Bowen points out that slow cooling of the 
basaltic magma would allow adequate time for the re-solution of the 
olivine which had first crystallized out, providing there was some sort 
of stirring process to prevent the segregation of the olivine crystals. 
This resorbed olivine would preserve a greater amount of mafic material 
in the melt and account for the abundance of pyroxenes and amphiboles 
in the alkalic syenite. Nearly all the silica would be used up in the 
deposition of the silicate minerals, and little free quartz would be left. 
Ample time for the slow cooling of the parent magma seems available 
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between the emplacement of the diorite magma and the intrusion of 
the alkalic group. In other words, during the time the diorite-quartz 
monzonite-alaskite differentiation was going on in chambers nearer the 
surface, the slow cooling proceeding in the main chamber favored reac- 
tion rather than subtractive differentiation, and the residual magma 
moved toward a syenite derivative (Fig. 7). It is believed that this 
syenite was finally withdrawn from the chamber, and that a part of it 
solidified as alkalic syenite; the remainder continued to differentiate by 
fractional crystallization or filter-pressing toward bostonite. In the 
Jamestown district, there is a sodic granite stock rather than a syenite, 
and dikes more salic than bostonite are present, but bostonite dikes 
comparable to those in other parts of the Front Range are also found 
nearby. The silicification of parts of the stock at a late stage indicates 
the withdrawal of silica from the subjacent chambers. A remelting of 
the residual material would probably give rise to dikes of bostonite com- 
position. 

The sodic granite stock at Jamestown shows a complex history. Sev- 
eral different textural facies are found, and the field relations suggest 
that after the emplacement of the stock the consolidation of the magma 
was interrupted by recurrent upward movements of the deeper portion. 
The inclusions of the consolidated mass were partly resorbed by the 
surges of new material from the deener part of the chamber, indicating 
superheat or an increased concentration of the hyperfusibles. Much of 
the early crust of the stock shows great fragmentation and marked cor- 
rosion by the groundmass liquid. In specimens where euhedral or sub- 
hedral phenocrysts are present and resorption is at a minimum, the 
quartz phenocrysts have been much more strongly attacked than the 
orthoclase. Where the plagioclase and orthoclase phenocrysts have be- 
come subhedral through resorption, only a few small intensely corroded 
remnants of quartz phenocrysts are found. The rocks that show intense 
fragmentation and resorption exhibit no phenocrystic quartz, and the 
strongly corroded crystals of orthoclase have apparently been more af- 
fected than those of albite-oligoclase. Although the finely granular 
groundmass of these rocks is fresh the plagioclase phenocrysts are com- 
monly sericitized. It appears that part of the magma crystallized early 
as a moderately coarse-grained quartz monzonite, which was subjected 
to deuteric sericitization and later fragmented and invaded by strongly 
reactive magma of the same type. 

Zones of silicification occur in both the early and the late rocks of 
the stock, but much of the silification of the older portions occurred 
before fragmentation. It is believed that this early silicification repre- 
sents silica removed from the magma by emanations during the period 
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of reheating and quartz resorption. Repetition of this process was prob- 
ably responsible for the later silicification, which in turn preceded the 
formation of small bodies of quartz-fluorite pegmatite, but the time inter- 
val between the last two events is believed small. Throughout much of 
the stock, magnetite is the chief mafic mineral; there are several mag- 
netite veins close to the stock, but none is known farther away than half 
a mile. 

The evidence indicates an accession of heat by the magma, and Bur- 
bank (1936) has suggested a ferrous-ferric oxidation mechanism that 
may be capable of periodically reheating the consolidating magma. 
Burbank’s work in the San Juan Mountains leads him to suggest that 
the relief of pressure from a volatile-rich magma with a high proportion 
of ferrous iron would result in the fractional distillation of hydrogen 
and that the consequent shift in equilibrium would result in the partial 
oxidation of the ferrous iron to the ferric state. Because of the marked 
exothermic nature of this reaction, sufficient heat may be evolved to 
greatly increase the temperature of the magma, and refusion of a large 
amount of solid rock might occur. 

The evidence at Jamestown of successive periods of reheating, relief 
of pressure, successive silica-rich emanations, and the high ferric-ferrous 
iron ratio lends strong support to the theory proposed by Burbank. 

Though lead-silver ores of moderate importance are associated with 
the alkalic group of porphyries, the most important deposits related to 
it are the pyritic gold ores. The lead-silver ores, preceded by abundant 
fluorspar in the Jamestown district, apparently were given off as an end 
phase of the solidification of the alkalic syenite or granite stocks. 
Though some gold accompanied them, the bulk of the gold was held 
back and apparently came out as a culmination of the igneous activity 
marked by the bostonite intrusion. 

Biotite latite is definitely later than the pyritic lead-silver-gold ores 
of the Central City district, and similar material, including biotite mon- 
zonite porphyry, biotite latite porphyry, and latite intrusion breccia, is 
earlier than the gold-telluride veins in Boulder County, to which they 
seem closely related genetically. 

In considering the biotite monzonite porphyries, certain peculiarities 
and similarities deserve attention. This series is distinctly later than 
the rocks previously considered. In composition the rocks are unlike 
any of the later differentiates of the preceding series, and more closely 
approach the earliest rocks, being strikingly similar to the White por- 
phyry of the Leadville district in many respects. The proportion of 
potash to soda (approximately three to one) is unusual (analysis 11.2, 
Pl. 2). The high percentage of water in biotite latite that appears 
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entirely fresh is worthy of note, and so, too, is the proportion of alu- 
minum. Indeed, the norm of this rock shows about five per cent of 
corundum (Bastin and Hill, 1917, p. 56). The common association of the 
biotite monzonite with vesicular intrusion breccia would in itself indicate 
the presence of unusually large amounts of volatile matter, and analyses 
11.1 and 11.2, Plate 2, accord with this field association. The inclusion 
of fragments of fine-grained quartz of many generations and of earlier 
pyritic ore in the intrusion breccia suggests that considerable time 
elapsed after the formation of the earlier ores before the intrusion of 
the biotite monzonite series. 

The evidence of the lapse of time between the intrusion of the biotite 
monzonite and the earlier porphyries, together with its intimate associa- 
tion with the gold-telluride veins and the tungsten veins, whose composi- 
tion is much more epithermal in character than that of the earlier ore 
deposits, might be interpreted as evidence that the biotite monzonite 
represents a period of magmatic activity entirely distinct from those 
during which the earlier porphyries were intruded. Ti: similarity in 
composition of the biotite monzonite group and the early White por- 
phyry suggests the possibility that it represents the beginning of a new 
period of magma generation accompanying a later period of orogeny 
such as that which marked the close of the Eocene. Late Eocene vol- 
canic activity has not been established in the region near the Front 
Range, although there is evidence in South Park that the hypersthene 
andesites of Buffalo Peak were poured out on the Eocene Flattop pene- 
plain, and that they are older than lower Oligocene (Behre and Stark) 
bone beds. 

On the other hand, the lack of a related series of differentiation prod- 
ucts, and the common association of explosive violence with the emplace- 
ment of the biotite monzonite, suggest that it was a volatile-rich residuum 
which was tapped at a very late stage in the consolidation of a more 
mafic rock. The similarity to the early rocks is easily understood if 
the biotite monzonite is regarded as the last material to consolidate from 
a deep gabbroic magma in which equilibrium conditions existed essen- 
tially throughout consolidation. Such conditions may have existed in 
a deep chamber of magma at or near the place where the source magma 
was generated. In such a locality the normal isotherms would be so 
high that cooling would take place very slowly. Time for reaction, 
therefore, would be much greater than in the magmas intruded into the 
higher and cooler portions of the crust, and during the period of cooling 
the thickness and imperviousness of the overlying crust would tend to 
keep the volatiles trapped in the magma until extremely high pressures 
were reached. Under such conditions, the last material to consolidate 
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should correspond closely to the biotite monzonites in composition and in 
mode of emplacement. From the evidence now at hand the writers are 
inclined to favor this view of the origin of the biotite monzonites. 

Limbergite is found only in the tungsten belt. No definite age rela- 
tion to other porphyries of the Front Range has been found, but because 
of its association with the tungsten ores which are the latest ore deposits 
in the range, it is believed to be the latest of the Eocene intrusions. 
The limbergite consists of about 85 per cent augite and 10 per cent olivine 
(analysis 12.1, Pi. 2), a composition strongly suggesting derivation from 
crystal settlings in the deeper part of a basaltic magma chamber. Such 
an interpretation would require remelting of the crystal settlings. As 
already pointed out, Burbank believes that a relief of pressure on a 
magma chamber may cause remelting. The formation of explosion 
breccia at the culmination of the biotite latite intrusion seems to indi- 
cate a relief of pressure of considerable magnitude, and it is suggested 
that such explosions sufficiently relieved the pressure on the basaltic 
magma chamber to cause local remelting of the mafic crystals which were 
in equilibrium with the residual magma as well as possible crystal set- 
tlings of even more ferromagnesian composition. It is suggested that 
this remelted material formed the limbergite dikes. 


CONCLUSIONS 


The gradual structural failure of the Front Range region during the 
Laramide revolution is complex, and similar structural events are not 
necessarily synchronous, but the order of events is everywhere strik- 
ingly alike. The general area where the lithosphere failed was deter- 
mined chiefly by the position of Paleozoic and Mesozoic basins and high- 
lands, and the pattern of the structure within the Front Range uplift 
reflects the distribution of pre-Cambrian foliates and massive granite. 
The correlation of structural history and igneous intrusion depicted in 
Figure 2 shows that several closely related igneous sequences had some- 
what different structural settings and suggests that igneous activity 
began earlier in the west than in the east. 

The succession of late Cretaceous—early Eocene (?) igneous rocks in 
the Front Range porphyry belt suggests the gradual fusion of a deep 
crystalline substratum, yielding a magma that was the parent of the 
many types of porphyry found. This source magma approximated an 
augite diorite under the western part of the range but was more mafic 
to the east, where its composition was that of an olivine gabbro. The 
late differentiates of the olivine gabbro were much more alkalic than 
those of the augite diorite. The differentiation series from diorite 
through quartz monzonite to granite porphyry represents subtractive dif- 
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ferentiation in comparatively shallow hearths. The bulk of this differ- 
entiation was accomplished by crystal settling, zoning, and filter-pressing 
but desilication by the departure from the magma of silica-rich volatiles 
that were absorbed by a reactive roof caused a change in composition 
that may explain some of the late dikes and the corrosion of the early 
quartz phenocrysts. The slow cooling of the deep source magma allowed 
time for nearly complete reaction and apparently neither crystal set- 
tling nor zoned crystals operated in changing its composition. Instead, 
the curve of solidification was almost the reverse of the curve of lique- 
faction. Withdrawal of the changing residuum to shallow reservoirs and 
further differentiation by the subtractive processes of crystal settling, 
zoning, and filter-pressing, occurred at several times in the eastern part 
of the range, giving rise to distinct differentiation series—e.g., diorite, 
monzonite, quartz monzonite, granite, alaskite, lead-silver-zine ores; 
alkalic syenite, bostonite, pyritic gold ores; biotite monzonite, biotite 
latite, latite intrusion breccia, gold-telluride ores. 

In the monzonite-quartz monzonite porphyry rocks, orthoclase shows 
a much greater reluctance to crystallize than quartz. Thus, orthoclase 
tends to concentrate in the groundmass much more than does the quartz. 

Locally, relief of pressure was accompanied by desilication and remelt- 
ing, and suggests the operation of the Burbank ferrous-ferric oxidation 
mechanism. 
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INTRODUCTION 


LOCATION AND EXTENT 

Sierra de la Pefia is a small range of mountains in the southwestern 
part of the state of Coahuila, on the Plateau Central of northern Mexico. 
It is situated at latitude 25° 30’ north, be .. longitudes 102° 30’ and 
103° west (Fig 1). This range is one of sev prominent mountain 
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units extending across southern Coahuila along the south side of a broad 
east-west valley known as the Parras Basin. To the southeast across 
Puerto La Peifia is Sierra de Parras; to the northwest, about 12 miles 
away, are Sierra de San Lorenzo and Sierra de Texas. A broad alluvial 
plain north of these ranges, at the west end of the Parras Basin, is named 
Laguna de Mayran. A similar but much smaller plain south of Sierra de 
la Pefia is Laguna de Viesca. It is about 13 miles wide and is bounded 
on the south by the much higher and more rugged Sierra de Jimulco. 

Sierra de la Pefia trends N 70° W for 22 miles and has an area of 120 
square miles. Its width, north-south, is only 3 miles in the center, but 
increases to 6 miles at the east end and 9 miles at the west end by the 
addition of several short ridges, which die out before reaching the central 
part of the range. 

Sierra de la Peiia lies 40 miles east of the city of Torreén, 12 miles south- 
east of San Pedro de las Colonias, and 100 miles west of Saltillo. The 
railroad line of the Ferrocarril Central Mexicano from Torreén through 
San Pedro to Paredén passes 10 miles north of the range. Another line 
from Torreén, the Ferrocarril Coahuila al Pacifico, passes south of the 
range and through Puerto La Pefia at its east end. The town of Viesca, 
on the same line, is 10 miles south of Sierra de la Pefia. 


PURPOSE OF THE REPORT 


This paper describes in detail the structure and stratigraphy of Sierra 
de la Pefia and the fossils collected there in 1938 and 1934 from the 
Aurora and the Indidura formations. Fossils obtained by W. A. Kelly 
in 1933 and the writer in 1934 from the type area of the Indidura forma- 
tion in Sierra de Santa Ana, 25 miles northwest of Sierra de la Pefia, are 
also described. 

MAPS 

Three large-scale base maps covering all or part of Sierra de la Pefia 
are available. They are: Abbott’s physiographic map of the state of 
Coahuila, scale 1 to 500,000; the Durango state map, scale 1 to 500,000, 
‘including parts of Coahuila and Zacatecas; and the map of the Comarca 
Algodonera de la Laguna, made by Federico Wulff in 1914, scale 1 to 
100,000, showing only the west end of Sierra de la Pefia. The scale of 
these maps is too small for plotting dip readings and geological observa- 
tions in the detail demanded by the present investigation. A new base 
map was therefore constructed by means of a network of car and pace 
traverses and Brunton triangulation. Formation contacts were located 
where they crossed the traverses and were sketched between such points. 
Stratigraphic sections were measured with tape. The structure of the 
range was worked out by dip and strike observations made with the 
Brunton compass. It was found that reliable readings could not be ob- 
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tained on the Indidura formation because of the crumpling and squeez- 
ing of the shale and thin-bedded limestone. Almost all the readings 
plotted are therefore from the Aurora limestone. A few elevations in 
the range were obtained by aneroid barometer. 
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PHYSIOGRAPHY AND GEOGRAPHY 
GENERAL STATEMENT 


Sierra de la Pefia consists of long, parallel ridges trending N 70° W, 
separated by narrow, U-shaped valleys which are sometimes penetrated 
by the alluvium surrounding the sierra on three sides. At the east end, 
rounded ridges plunge abruptly into Puerto La Pefia. At the more eroded 
west end are cuestas with steep northern flanks and gentler southern ones. 
Their crests descend gradually to the plain. The sierra is composed of 
five major physiographic divisions. Of these, Sierra de la Pefia sensu 
stricto, Sierra de Baicuco, and Sierra de las Burras are groups of ridges; 
Cerro Bola and La Vandurria are single, low ridges. 


SIERRA DE LA PENA SENSU STRICTO 


Sierra de la Pefia sensu stricto is the central and largest division of 
Sierra de la Pefia. It is about 20 miles long and has an average width 
of about 3 miles. It is made up of three principal ridges, and several 
smaller ridges on the southeast. The northernmost ridge—Los Corrales— 
is the most prominent topographic feature in the sierra. The other two 
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may be referred to for convenience as La Verna-Murillo ridge and the 
Don Augustin-Cafién del Arco ridge. 

Los Corrales has a relief estimated at about 2000 feet. Its east end 
rises rapidly from the plain at Puerto La Pefia and extends westward with 
a nearly even skyline for 20 miles (Fig. 3). The highest point on the 
crest—Cerro San José—is 12 miles from the east end and is only slightly 
higher than the average elevation of the crest. The upper 500 feet of the 
east face of Los Corrales is practically vertical. Below that, and extend- 
ing perpendicularly to it, are long, inclined gabled ridges of talus and 
shale which make the northern approach extremely difficult. These are 
separated by \/-shaped gullies leading to steep gashes or narrow canyons 
in the rock escarpment. La Almendrilla is an exceptionally deep and 
persistent gully near the east end of Los Corrales. Just south of it at 
one point the sharp bend of the well-stratified rock at the top of the 
escarpment has withstood erosion. This has been named El Barril. The 
plain along the north side of Los Corrales from Sierra de Baicuco to 
Puerto La Pefia is named Las Valas or Las Enramadas. It is 2 to 4 miles 
wide and is bounded on the north by the small, isolated mountain named 
Cerro Bola and by El Pozo hills. 

From Cerro San José westward, Los Corrales becomes narrower, its 
crest decreases gradually in elevation, and its west terminus is abrupt. 
A topographic saddle, where a wagon road crosses the ridge half a mile 
from its end, is known as Paso de Carretas. The western part of Los 
Corrales is bounded on the north by Cafién Santa Rosa and Puerto Santa 
Rosa, which separate it from Sierra de Baicuco. 

Los Corrales is steeper on the north. Throughout most of its extent it 
is bounded on the south by Cafién del Indio, which passes westward into 
Cafién de Pedro and separates Los Corrales from La Verna-Murillo ridge. 
Near the east end of the range is the small divergent and disconnected 
ridge named Cerro de Cilla. It is separated from Los Corrales on the 
north by Cafién de Cilla and is bounded on the south by Cajién del Indio. 

On the south side of Cafién del Indio is La Verna-Murillo ridge. Its 
eastern half is lower than Los Corrales, but just west of the center it rises 
to Cerro de la Verna, the highest elevation within Sierra de la Pefia. In 
the eastern half, two narrow canyons cross the ridge in its narrowest part, 
where the crest forms a topographic saddle. They are situated about 2 
miles apart and drain the waters southward from the central part of 
Cafién del Indio into Cafién de Llorén. The western one is named El 
Estillero and the eastern one Las Tinajas del Indio. 

Westward from Cerro de la Verna the main ridge divides into several 
subsidiary ridges, some of which die out before reaching the terminus of 
the range. These hogbacks or cuestas, steep on the northern flanks and 
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somewhat more gentle on the south, refiect the dip of the strata. They 
are termed cuchillas, which means knife in Spanish, referring to their 
sharp crest. Cuchilla de Murillo and Cuchilla de la Cruz are the two 
largest subsidiary ridges at the west extremity of the main La Verna- 
Murillo ridge. 

Cafién de Llorén is a narrow valley extending the entire length of the 
sierra between La Verna-Murillo ridge and the Don Augustin-Cafién del 
Arco ridge. Several cross-canyons transecting the latter ridge carry the 
run-off from the central part of Cafién de Llorén southward into Laguna 
de Viesca. Three of them have been named, beginning on the west, 
Cafién del Ansera, Cafién del Arco, and Las Trozadas. Although the 
general trend of this southern ridge is N 70° W, the central part border- 
ing Laguna de Viesca trends nearly due west. The plunging western end 
of the ridge at the terminus of the range is the Cuchilla de Don Augustin. 
North of it the reéntrant at the mouth of Cafién de Llorén is designated 
Los Temporales de Don Augustin. Only the extreme western portion of 
the canyon conveys the run-off to this locality. The extreme eastern 
portion drains into Puerto La Pejfia. 

At the east end of the range, bordering on Puerto La Pefia, are two addi- 
tional short ridges south of the Don Augustin—Cafién del Arco ridge. 
They are separated from it by Cafién de Talera and are approximately 3 
miles long. Between the two short ridges is Cafién de la Virgen. The 
waters of both canyons drain eastward and westward to Puerto La Pefia 
and to Laguna de Viesca. Low yellow hills on the edge of the Laguna at 
the west mouth of Cafién de la Virgen are called Lomas Coloradas. 


SIERRA DE BAICUCO 


Sierra de Baicuco is 8 miles long and 3 miles wide (Pl. 1). It is made 
up of six or more, narrow, rocky, parallel ridges trending about N 70° W. 
These fall naturally into two distinct physiographic areas—a larger one 
on the north, in which the ridges extend the length of the sierra; and a 
smaller one to the south, composed of two somewhat discontinuous ridges 
about 514 miles long. 

The northern area is rugged. Its maximum relief is estimated to be from 
1000 to 1500 feet above the marginal plain. The northern front is ex- 
tremely steep, jagged, and barren. The southern flank has a slope ap- 
proximating the inclination of the rock strata and is somewhat less abrupt 
along most of its extent. At the northwest and southeast ends, where ero- 
sion is cutting headward along the canyons and widening their mouths, 
the margin is irregular. The ridges descend as narrow hogbacks. On 
the northwest the hogbacks have been named, from north to south: 
Cuchilla de las Monedas, Cuchilla de Baicuco, and La Azufrera. 

The ridges of the southern part of Sierra de Baicuco are lower and less 
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complex. They are connected with the northern area by a narrow divide 
from which the waters flow eastward through a widening valley to the 
plain of El Refugio and westward into the valley where an abandoned 
ranch named Las Casas de Rivas is situated. On the south, they are 
separated from Sierra de la Pefia sensu stricto by Caiién and Puerto 
Santa Rosa. 


SIERRA DE LAS BURRAS 


Sierra de las Burras, at the southwest corner of Sierra de la Peifia, is 5 
miles long and covers an area of 15 square miles (Pl.1). It is separated 
from Sierra de la Pefia sensu stricto by a narrow canyon. 

Sierra de las Burras has three main parts, separated by narrow strike 
canyons extending the entire length of the range. The northern unnamed 
part consists of two ridges, of which the northernmost is much narrower 
and somewhat lower than the one south of it. The central part has greater 
relief thaa the other two but is much lower than Sierra de la Pefia sensu 
stricto and probably does not exceed 1000 feet. Several strike canyons 
and cross canyons penetrate this part but do not transect it. The south- 
east end of the central ridge is named Cuchilla de las Burras. The north- 
west end is Cuchilla del Agua Salado. 

The southern part of Sierra de las Burras is characterized by an anom- 
alous type of topography, more complex than the other areas. Its sum- 
mit is relatively wide and rounded. Erosion along the margins has in- 
cised several fairly deep reéntrants on the south side. The largest of 
these has been named Rincén de la Piedra Parada, which means corner 
of the halted rock. 

At the southeast end of Sierra de las Burras where the strike canyons 
widen into the plain of Laguna de Viesca are two gravel bars. One of 
these begins at Cuchilla de las Burras and extends northward in a broad 
arc for about 114 miles, where it merges with the talus on the south 
slope of the Don Augustin-Cafién del Arco ridge. In cross-section this 
bar is 10 or 12 feet high and 75 to 150 feet wide. The convex side facing 
the mountains is somewhat steeper than the concave side. Behind the 
bar is San José del Arco. The surface of the bar is covered with lime- 
stone pebbles, many of which are typical shingle. This is in contrast to 
the buff silt of the adjacent plain on either side. 

The second bar, south of Cuchilla de las Burras, extends across a 
reéntrant at the mouth of the strike canyon separating the central and 
southern physiographic areas of Sierra de las Burras. It is much smaller 
than the first but forms a similar are with the convex side toward the 
west. These bars are believed to indicate the margin of a shallow lake 
which formerly covered Laguna de Viesea. The present Laguna has no 
permanent water. 
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LA VANDURRIA 


La Vandurria is a single, isolated ridge on the plain of Laguna de 
Mayran, about a mile north of Sierra de Baicuco, near its west end. It 
is a hogback, half a mile long and perhaps 100 feet high, with a steep 
northern flank and a somewhat gentler slope on the south. 


CERRO BOLA 


Cerro Bola is a small, isolated mountain rising abruptly from the 
plain at the south side of Laguna de Mayran. It extends slightly north 
of west for 214 miles and has a width of about 2000 feet. A cross-canyon 
about 500 feet wide near the center divides it into two parts. Each is 
definitely rounded along the crest, but the one east of the gap is shorter 
and therefore suggests a ball, from which the name is derived. The 
elevation is estimated as about 400 feet above the plain. 


POPULATION 


There are no people living within Sierra de la Pefia. Scarcity of water 
has discourage? rermanent settlement. On the margins of the range at 
several places there are ruins of adobe or stone houses. A few of these 
are inhabited seasonally. La Pejia, at the southeast end, and Tenaco, half 
a mile southwest on the railroad, are the only permanent towns in the 
vicinity. Six or eight families are living at La Pefia and are employed 
intermittently by the railroad and by the hacienda. One or two families 
are at Tenaco. Sofia (Las Animas) ranch south of the range, 5 miles 
west of La Pefia station, belongs to the Hacienda La Pefia and is occupied 
occasionally by families engaged in cutting lechugilla for rope or can- 
delilla for wax. The fields of San José del Arco on the south side of the 
range and east of Sierra de las Burras are cultivated. in the summer by 
farmers from Viesca. At Murillo ranch, at the west end of Sierra de la 
Pefia sensu stricto, one adobe house is occupied part of the year when 
nearby corn fields are being cared for. On the north side of Cerro Bola 
ridge, at the gap which crosses it, is the Hacienda Cerro Bola. A number 
of stone dwellings here indicates a former prosperous enterprise, but they 
are now occupied only by a caretaker or transient cotton pickers. 

Hacienda El Pozo, 4 miles north of the eastern end of Sierra de la 
Pefia, is a settlement of about 200 people. This is the nearest village 


of any size. 
ACCESSIBILITY 


The sierra, in addition to being near two railroad lines, is easily reached 
by automobile from Torreén and San Pedro de las Colonias along the 
highway to Saltillo. This road follows the old roadbed of the Ferro- 
carril International Mexicano along the north margin of the range. The 
main road from San Pedro to Viesca branches from the highway at the 
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west end of Sierra de la Pefia and extends southward, skirting the jagged 
edge of the mountain area. This is an unimproved country road, used 
in dry weather by a daily auto bus between the two towns. On the 
south side of Sierra de las Burras, another wagon road forks eastward 
from the Viesca road and extends in a broad arc through Sofia ranch to 
Tenaco and La Pefia on the railroad. There it meets a very poor road 
extending along the east side of the range through Puerto La Peiia. 
Roads from the east and southeast, and from Viesca on the southwest, 
also join at La Pefia, because this pass through the mountains is a natural 
focus for travel from ranches on the south to the town of San Pedro de 
las Colonias. North of Sierra de la Pefia, a wagon road leaves the 
Torreén-Saltillo highway about a mile northeast of Cerro Bola and 
extends eastward to Hacienda El Pozo. It joins the road through 
Puerto La Pefia. From Hacienda La Bola, an old road extends south- 
westward through Puerto Santa Rosa and joins the Viesca road at the 
west side of the sierra. Trails extend westward along the Cafién del 
Indio in the center of the range and along the unnamed canyon separating 
Sierra de las Burras from Sierra de la Pefia sensu stricto. Many of the 
strike canyons within the range can be traversed on horseback, but are 
not routes of travel. 


STRATIGRAPHIC GEOLOGY 
GENERAL STATEMENT 


The sedimentary rocks in Sierra de la Pefia belong to two easily dis- 
tinguished formations of Cretaceous age. The lower, Aurora formation 
is thick-bedded gray limestone containing lenses of gypsum and some 
chert; rudistids are common in the uppermost 100 feet. The overlying 
Indidura formation is thin-bedded gray to black, laminated limestone 
and dark, calcareous, yellow-weathering shales. A marly layer is usually 
present in the lower part of the section. Because of intense folding and 
because the upper beds do not form continuous outcrops, the exact thick- 
ness of the Indidura is unknown; in Sierra de Parras, to the east, it is at 
least 2350 feet. 

AURORA FORMATION 


Lithology—tThe Aurora formation as exposed in Sierra de la Pefia 
consists of at least 435 feet of thick-bedded, hard, gray limestone with 
some gypsum, dolomite, and chert. The limestone contains no continu- 
ous, distinctive beds; the lenses of gypsum are local, and fossils can 
rarely be collected from the limestone. 

The beds range in thickness from 1 to 10 feet, varying greatly from 
place to place. The limestone is light to dark gray, it has conchoidal 
fracture, and solution cavities are absent. 
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Seams of shale or marl are rare. This may be partly due to their failure 
to crop out or to their deformation between the beds of limestone, which 
must have slid over one another during the intense folding. The best 
exposure of marly beds is on the northwest side of Cerro Bola, in a low 
fold, where some of the Aurora limestone was quarried for road-building 
purposes. 

The individual beds of gypsum cannot be traced over any considerable 
distance. North of Las Casas de Rivas, at the deepest exposure in the 
range, 158 feet of thick-bedded gray limestone is underlain by at least 
277 feet of interbedded gypsum and limestone; the lower limit of this 
series is not exposed. Here, the individual beds of gypsum range up to 
30 feet in thickness, the interbeds of limestone from one inch to 20 feet. 
Many of the thinnest beds of limestone are fractured and the fragments 
separated, as if the beds had been stretched. The limestone is dolomitic 
and usually dark brownish gray to almost black. Some beds are spotted 
with white calcite; small cavities are common. Molds of gastropods 
occur in some layers. At several places in Sierra de las Burras, gypsum 
occurs only 60 feet below the highest Aurora preserved, but the distance 
below the upper contact cannot be ascertained. Some gypsum lenses are 
only 4 feet thick. 

Chert nodules are common in some beds of the massive limestone. They 
also occur associated with the gypsiferous series. 


Distribution—The Aurora limestone is the most widely distributed 
formation, composing all the individual narrow steep ridges, which are 
usually separated by shale valleys. In the eastern part of Sierra de la 
Pefia sensu stricto, these valleys are wide and may contain small but 
conspicuous anticlinal outcrops of Aurora limestone in their centers. In 
narrow canyons such as those in Sierra de Baicuco and the western part 
of Sierra de la Pefia sensu stricto the limestone may outcrop across the 
entire width of the canyons. 


Paleontology.—The Aurora formation yielded fairly well preserved 
fossils in only three places. In a cross-canyon in Sierra de Baicuco north- 
east of Las Casas de Rivas, collection J28 was made from marl partings 
186 feet below the upper contact. Great numbers of Gryphea marcoui 
Hill and Vaughan were obtained, in addition to Pecten subalpinus (Bose), 
Holectypus aff. castilloi Cotteau, and a terebratulid. 

Near the northwest corner of Cerro Bola, collection J22 from thin 
seams of mar! near the top of the Aurora included Goniopygus bolaensis 
Jones n. sp. and Nerinea bolaensis Jones n. sp. 

A loose block in an arroyo on the north side of Sierra de Baicuco con- 
tained Gryphea marcoui Hill and Vaughan and Pecten subalpinus (Bose). 
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In Cafién de Llorén, 144 miles east of Cafién del Arco, the upper few 
feet of the Aurora has been altered by an igneous sill to a finely crystal- 
line, crumbly calcite, from which collection J45 was made. Pelecypods, 
gastropods, and echinoids are abundant but poorly preserved; Pecten 
subalpinus (Bése) was the only species positively identified. The pre- 
dominant element in the fauna is the superfamily Chamacea, represented 
by the following members: Monopleura ef. terana Roemer, Monopleura 
ef. marcida White, Toucasia ef. terana Roemer, Toucasia sp., Requienia 
sp., Caprinula (?) ef. crassifibra (Roemer), and Caprinula sp. 

Fossils cannot be extracted from the limestone in other localities, but 
cross-sections of the genus Gryphea are found throughout, and rudistids 
of the genus Caprinula are common at four horizons at least in the upper 
100 feet. Pelecypods and gastropods of many kinds occur in the lime- 
stone, but no ammonites. 


Correlation—The term “Aurora” was introduced by Burrows (1910, 
p. 96), for a pure, thick-bedded, gray limestone, 600 to 1500 feet thick, in 
the Cuchillo Parado range west of Ojinaga, Chihuakua. Locally, it con- 
tains chert or iron ore. Bivalves are common, but echinoids and am- 
monites are rare; none has been, identified. 

Burrows considered the limestone probably equivalent to the Edwards 
of Texas. The thick-bedded limestone of Sierra de la Pefia is correlated 
with the Aurora formation because it resembles the Aurora in lithology; 
it underlies the Indidura formation, which is similar to the Ojinaga for- 
mation overlying the Aurora in Cuchillo Parado; its fauna is closest to 
that of the Edwards. 

The Chamacea, so abundant in the Aurora formation of Sierra de la 
Peiia, are certainly closely related to those of the Edwards. The common 
oyster is Gryphea marcoui Hill and Vaughan, which ranges in Texas from 
the Walnut to the Edwards. Pecten subalpinus (Bése) occurs in Texas 
in the Washita only, but in Cerro Muleros, Chihuahua, it is found as low 
as Subdivision 2, which is considered upper Fredericksburg. Holectypus 
castilloi Cotteau, whose relative is present in the Aurora of Sierra de la 
Pefia, was described from Jalpa, Jalisco (Zacatecas?), where it occurs 
with fossils said to be of both Glen Rose and Washita age; a similar form 
has been reported from the Georgetown of Texas. 

The basal Indidura is equivalent to the Kiamichi, as will be shown. 
The best evidence, then, assigns an Edwards age to the upper 186 feet at 
least of the Aurora formation of Sierra de la Pefia. 

The Aurora formation is easily recognized in the ranges surrounding 
the Laguna de Mayr4n and the Laguna de Viesca because it comprises 
the upper part of the resistant rocks which form the topographic features. 
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Throughout northeast- 
ern Mexico the Middle 
Albian is a uniform series 
of thick-bedded, dark- 
gray, cherty limestone 
containing rudistids 
(Bése and Cavins, 1927, 
p. 63). 

At Cerro de Muleros, 
Chihuahua, the Aurora is 
probably represented by 
Boése’s Subdivision 1 
(Bose, 1910, p. 19), which 
is a thick-bedded, hard, 
gray limestone contain- 
ing some Edwards fossils, 
together with others char- 
acteristic of the Kiami- 
chi. Rudistids are absent. 
Several ammonites occur 
in the subdivision. 

In eastern Mexico the 
massive E] Abra lime- 
stone represents the ru- 
distid “reef” facies like 
the Aurora, but also in- 
cludes rocks of Kiamichi 
and Washita age (Muir, 
1934, p. 393). The lower 
Tamaulipas formation in 
Tamaulipas and Vera 
Cruz is a thick-bedded, 
light-gray limestone with 
light-colored chert. This 
is a deeper-water facies, 
in part equivalent to the 
Aurora, containing am- 
monites but no rudistids. 


Environment.—The 
Aurora formation of 
Sierra de la Pefia was de- 
posited in a relatively 
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clear sea; the limestone is unusually pure, with little argillaceous mate- 
rial and no sand. 

The gypsum is generally considered to have been deposited in shallow 
lagoons; evaporation caused precipitation of the gypsum, and the supply 
of sea water was renewed occasionally by water washing over the barriers. 

The fauna has an association typical of shallow water. It includes 
rudistids, oysters, Goniopygus, Nerinea, and fluted forms of the Pectinidae. 
Such an association is referred to by Bése (Bése and Cavins, 1927, p. 63) 
and by Adkins (1930, p. 83) as forming “reefs”, but the term biostrome 
is more appropriate. 


INDIDURA FORMATION OF SIERRA DE& LA PENA 


Lithology—tThe Indidura formation in Sierra de la Pefia may be 
divided into three members, on a lithologic and faunal basis. Often the 
lithologic distinction is not clear, but the faunal differences are always 
easily observed. The measurement of detailed sections in Member 8 is 
difficult because of the scarcity of extensive exposures, the complexity 
of the folding, the extreme crumpling and cleavage, and the lack of 
dependable key horizons. 


A section measured at Sierra de Barril is as follows: 
Feet 
Alluvium 


INDIDURA FORMATION 
Member 3 
Dark-gray, fissile, calcareous shale, weathering yellow, containing a few 
beds of siliceous, black, laminated limestone up to 6 inches thick. 
Tight folding makes the thickness uncertain........................ 1400+ 
Calcareous shale, with some dark-gray, calcareous sandstone. Inoceramus 
Member 2 
Gray to buff, gypsiferous, sandy marl, with some very thin beds of dark- 
gray, nodular limestone. Collection J3......................0.-000- 8 
Member 1 
Light- to dark-gray, laminated limestone in beds 2 to 3 inches thick, 
interbedded with dark-gray, sandy, calcareous shales................ 25 


AvuRoRA FORMATION. Thick-bedded, gray limestone. 


The following section was observed in the syncline between Cuchilla 
de Don Augustin and Sierra de las Burras: 


Feet 
Talus 
INDIDURA FORMATION 
Member 3 
Black, laminated limestone and dark-gray, calcareous shale.............. 10+- 
A strongly weathered sill consisting almost entirely of feldspar and brown 
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Siliceous, black, laminated limestone and dark-gray, calcareous shale..... 87 
A strongly weathered sill consisting almost entirely of feldspar and brown 

Siliceous, black, laminated limestone, weathering buff.................... 49 
Platy, gray limestone and gray, calcareous shale......................... 38 


Black, laminated limestone and dark-gray shale with some layers of drab 


Dark-gray limestone and gray, calcareous shale.......................... 9 

Member 2 


Thin-bedded, nodular, light-gray limestone and calcareous shale, weather- 
ing buff, with some marl. Fragments of echinoids and oysters common. 5 


Member 1 


Gray genie: with veinlets of 4 
Alternating dark-gray, laminated limestone and dark-gray, calcareous 
Alternating dark-gray limestone and gray, calcareous shale, brecciated and 


AURORA FORMATION. Thick-bedded, gray limestone with rudistids. 


Member 1, where distinct, ranges from 15 to 50 feet in thickness; it 
usually consists of black, laminated limestone and dark-gray to black, 
calcareous shale, which often weathers buff. Gypsum is sometimes pres- 
ent as flakes or small veins. The contact with the Aurora is always 
easily recognized, but there is no unconformity or basal conglomerate. 
Many of the lowest Indidura beds are fractured and hematite-stained. 

Member 2, where typically developed, is usually about 8 feet thick. 
It is commonly a buff or gray, sandy mar! with argillaceous nodules. 
Flakes or veinlets of gypsum are common. Fossils are almost always 
present, echinoids being most abundant, and mollusks common. 

Member 3 consists of black, laminated limestone, weathering gray, 
buff, or sometimes orange, and dark-gray, calcareous shale, weathering 
light gray or buff; calcareous sandstone beds occur occasionally. Out- 
crops of Member 3 occur usually only near the Aurora formation; con- 
sequently, the thickness of Member 3 can only be estimated at a mini- 
mum of 1500 feet. 

Locally in the southern part of Sierra de Baicuco the lower part of the 
Indidura formation consists of gray limestone in beds a foot or more 
thick, somewhat resembling the Aurora limestone. On comparison, the 
Indidura limestone is less crystalline, owing to its lesser purity, and less 
resistant than the Aurora. Furthermore, intercalated layers of thin 
gray shale or partings of buff argillaceous marl are almost everywhere 
present in the Indidura. Some of the beds are knobby, the swellings 
being about 6 inches in diameter. Small nodules, weathering yellow, 
are abundant in some localities. These do not appear to have nuclei or 
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any trace of concentric structure. On the north side of Caiién Santa 
Rosa, gray limestone beds have a reddish tinge. On the south side of 
Cuchilla de las Burras, similar beds, belonging at least in part to Mem- 
ber 2, range from yellow to dark-red. 

Some of the black laminated limestone of the Indidura is very siliccous, 
but does not differ in general appearance from the purer limestone. On 
the north side of Cafién del Indio, west of El Estillero, is a bed of impure 
black chert about a foot thick. A thin section of a specimen shows 
numerous Foraminifera. Chert does not form nodules in this formation. 

The gypsum in the Indidura is at least partly secondary, much of it 
occurring as fibrous veinlets. The Aurora formation might have fur- 
nished a source for this gypsum, but there is no evidence of any sec- 
ondary deposition in the Aurora itself. 

The few sandstone beds are not limited to any definite horizon. At 
Lomas Tintas, two outcrops of unknown stratigraphic position contain 
several beds of quartz sand up to 4 feet thick, weathering reddish brown, 
interbedded with thin gray shales which weather buff. Farther east, 
Lomas Coloradas, near the west end of Cafién de la Virgen, contain 
similar sandy beds. They are probably within several hundred feet of 
the base of the Indidura. 


Distribution—The Indidura formation is preserved mainly in the 
synclinal valleys. A thin layer of Recent gravel deposited by the shift- 
ing arroyos covers a large part of it. The best outcrops are at the canyon 
divides and on the south slopes of the canyons, where the Aurora lime- 
stone is folded over it in many places. The Indidura is also exposed 
extensively at the east ends of the plunging anticlines of the east end of 
Sierra de la Pejia sensw stricto and on the northern slope of Los Corrales, 
merging with the alluvium of Las Valas. An unusually isolated outcrop 
of the Indidura formation occurs at Lomas Tintas, a mile south of the 
central part of the Don Augustin-Cafién del Arco ridge. Thick sandstone 
beds in the Indidura account for this anomaly. 


Paleontology.—The fauna of the Indidura formation of Sierra de la 
Pefia is large, but only twenty species are preserved well enough for 
study. Nine species are identified with previously described forms, one 
is related to a previously described form, eight new species are described 
and named, and two species are discussed but not named. 

Eleven species of pelecypods were found, representing all three orders. 
The Prionodesmacea include seven species. The genus Inoceramus is 
represented by several species and numerous individuals; two of them 
are identified as J. labiatus (Schlotheim) and J. sp. (aff. latus Elbert) 
Bése. Gryphea washitaensis Hill and a longer variety of that form are 
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common. Plicatula subgurgitis Bése, a new species of Spondylus, Lima 
shumardi Shattuck, and a poorly preserved form of Modiolus are also 
present. 

The order Anomalodesmacea contains only a single new species of 
Pholadomya. 

The order Prionodesmacea includes three species. A new species of 
Veniella, a new species of Remondia, and a rudistid described as a new 
species of Sauvagesia are present. 

Only one gastropod, a new species of Fusus, is well enough preserved 
for description. 

Four species of ammonites are represented: an unnamed species of 
Turrilites, two new species of Romaniceras, and a new species of Metoi- 
coceras, previously described by Bése but not named. 

The echinoids have five representatives. .A species of Phymosoma is 
related to P. mexicanum Bose. A small form of Holectypus is described 
and named. A poorly preserved Hemiaster is identified with a form 
described by Bése as H. sp. Hemiaster bexari Clark is common, and 
Hemiaster calvini Clark is by far the most abundant species in the 
formation. 


Environment.—During the time of deposition of Member 1 of the 
Indidura formation, the sea was quiet and only moderately deep; small 
quantities of calcareous mud were the only sediments. Organic matter 
accumulated over most of the bottom, giving the sediments a black color. 
No fossils were found in this member; probably the organic matter was 
largely in the form of sea plants which collected in the quiet water. 

The rocks of Member 2 denote clearer waters more favorable for the 
rather abundant life of this time. 

The conditions during the deposition of Member 3 were similar to those 
prevailing during the deposition of Member 1. The sea was muddy, and 
organic matter accumulated; Inoceramus was the only flourishing in- 
vertebrate. 


INDIDURA FORMATION OF SIERRA DE SANTA ANA 


Lithology—The iim “Indidura formation” was applied by Kelly 
(1936) to a succession of beds preserved in a synclinal sag of Sierra de 
Santa Ana, Coahuila (Fig. 4). The type locality is on the western slope 
of Cerro Indidura, 5 miles north of Tanque Toribio. A composite sec- 
tion by Kelly of the formation in that area is as follows: 


Feet 
Tertiary (?) conglomerate. Poorly sorted pebbles, cobbles, and boulders one- 
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Feet 
INDIDURA FORMATION 


Member 3 

Imperfectly stratified, buff shales containing numerous veinlets of selenite 40 
Member 2 

Interbedded, rubbly, gray, pink, and red argillaceous limestone, platy lime- 


Member 1 ; 
Imperfectly consolidated, buff shales with many crystals of selenite. At 
the base is a thin transitional member of platy limestone and shale.... 65 


AURORA FORMATION. Thick-bedded, gray limestone with black chert nodules... 1000 


The highest beds of the Indidura formation are concealed by talus 
from the overlying conglomerate. Probably the greatest part of Mem- 
ber 3 was removed by erosion before the deposition of the conglomerate. 


Paleontology—The fauna of the Indidura formation of Sierra de 
Santa Ana contains 49 species sufficiently well preserved for study. Of 
these, 17 are identified with previously described forms, one is related 
to a previously described form, 17 are described and named, and 14 are 
discussed but not named. 

A new species of brachiopod was abundant in one locality; it is a 
terebratulid provisionally assigned to the genus Ornithothyris. 

The three orders of pelecypods are present, including 20 species. The 
order Prionodesmacea is represented by twelve species. Pinna guadalupae 
Bose is fairly common. Species and individuals of the genus Inoceramus 
are numerous; two of them are identified as J. labiatus (Schlotheim) and 
I. sp. (aff. latus Elbert) Bose; some of the others are probably new, but, 
on the whole, they resemble the species of the Colorado formation of 
the Western Interior and the Eagle Ford formation of Texas. Pteria 
pedernalis (Bése) is present. The members of the family Ostreidae 
are locally abundant. Alectryonia lugubris (Conrad), Exogyra plexa 
Cragin, and Gryphea washitaensis Hill are identified, and a new variety 
of Exogyra arietina Roemer and one of Gryphea washitaensis Hill are 
described. A new species of the genus Pecten, subgenus Camptonectes, 
is described. Plicatula subgurgitis Bése is common. Lima shumardi 
Shattuck is rare. A new species of Modiolus is described; another com- 
mon form is too fragmentary for a complete description. 

The order Anomalodesmacea is represented by a new species of 
Homomya, a new species of Pholadomya, and a species of Pholadomya 
which is discussed but not named. 

The order Teleodesmacea includes numerous individuals of a new 
species of Veniella, some poorly preserved specimens of the genus Arctica, 
a new species of Sauvagesia, and Tapes gabbi Bose. 
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The abundant ammonites 
in the Indidura formation 
rarely have well-preserved 
sutures. Most of them are 
certainly new, and in most 
cases assigned only to a genus. 
The genus Turrilites is repre- 
sented by two species, one of 
which resembles 7. costatus 
Lamarck of the Albian and 
Cenomanian of Europe. The 
genus Acanthoceras contains 
a single individual with rather 
prominent nodes; this is iden- 
tical with a specimen from the 
basal Eagle Ford of Texas, 
which has been made the hol- 
otype of a new species. 

The members of the genus 
Romaniceras are a conspicu- 
ous element of the fauna. Al- 
though poorly preserved, at 
least six new species can be 
distinguished. The genus 
Stoliczkaia. is doubtfully rep- 
resented by a single specimen, 
which is discussed as species 


Ficure 4—Geologic map and cross 
section of the area north of 
Tanque Toribio 
Western side of Sierra de Santa Ana, 

Coahuila, Mexico. Prepared by W. A. 

Kelly. 
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“A”, and by numerous flattened casts, probably belonging to several 
species. Members of the genus Pseudotissotia are common and char- 
acteristic of the Indidura formation; the two species described are both 
new. 

Members of the genus Coilopoceras are common and easily recognized. 
One form is described as a new species, the others, although probably 
all new, are not well enough preserved to be named. The genus Man- 
telliceras includes one species certainly new and a number of inde- 
terminable specimens. The genus Prionotropis is represented by a num- 
ber of small specimens which may be young individuals; one is identical 
with a species called Gauthiericeras (Prionotropis ?) bravaisi (d’Orbigny) 
by Moreman. The others are probably all new. 

The class Echinoidea contains seven species. One is doubtfully as- 
signed to the genus Tetragramma and named as a new form. It is iden- 
tical with a form called Pseudodiadema texanum (Roemer) by Bose. 
Two species of Phymosoma occur in the formation; one of them is P. 
volanum Cragin; the other is related to P. mexicanum Bose. A small 
form of Holectypus common in some localities is described as new. 
Holaster nanus Cragin is present in both a low and a tall phase. The 
genus Hemaiaster includes two species, H. berari Clark and H. calvini 
Clark; the latter is extremely abundant. 

The fauna of the Indidura formation is quite similar in Sierra de Santa 
Ana and Sierra de la Pefia, for 16 of the 21 species in the latter area 
occur also in the former. The fauna of Sierra de Santa Ana contains 
49 species. The main difference is in the number of ammonites; there 
are 21 species in Sierra de Santa Ana and four in Sierra de la Pefia. The 
genus Romaniceras is only sparingly present in Sierra de la Pefia, and 
the genera Mantelliceras, Stoliczkaia, Pseudotissotia, Coilopoceras, and 
Prionotropis are entirely absent. 


Environment.—The sea during the time of deposition of Member 1 of 
the Indidura formation was rather shallow. The water was usually too 
muddy for abundant life, although occasionally oysters and ammonites 
were common. During the deposition of Member 2 the sea was clear and 
marine invertebrates of all kinds were extremely abundant. Toward the 
end of this time the sea became muddy again and the only fossils of 
Member 3 belong to the genus Inoceramus. 


CORRELATION OF THE INDIDURA FORMATION 


Member 1.—Member 1 is not fossiliferous in Sierra de la Pefia. In 
Sierra de Santa Ana, a few brachiopods, pelecypods, and cephalopods 
were collected. The following forms from Member 1 occur in Texas also: 
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Gryphea washitaensis Kiamichi to Main Street 


Gryphea washitaensis Hill occurs at the base of the member as well as 
higher up. Mantelliceras occurs highest in the member. 

Member 1 conformably overlies the Aurora limestone, which is corre- 
lated with the Edwards of Texas; it also contains two fossils which range 
as low as the Kiamichi. The lower contact of the Indidura may there- 
fore be placed at the base of the Kiamichi. The upper contact is placed 
at the top of the Pawpaw in order to include two genera of ammonites 
not found below the Pawpaw in Texas. It cannot be placed higher be- 
cause several middle Washita forms occur in Member 2. 

Member 1 is equivalent at Cerro Muleros, Chihuahua (Bése, 1910, 
p. 22), to Bése’s Subdivisions 2 to 5 and a part of 6. Although only two 
long-ranged fossils, Gryphea washitaensis Hill and Plicatula subgurgitis 
Bose, are common to the two regions, both sections are correlated with 
the same formations in Texas. Beds of the same age may also be present 
at La Encantada, Placer de Guadalupe, Chihuahua, and at Arivechi, 
Sonora. 

The Georgetown, or Upper Albian (Bése and Cavins, 1927, p. 23), has 
been recognized by its fauna at several places in Mexico near the Rio 
Grande. 

South of Sierra de la Pefia, near Camacho, Zacatecas, the Vraconnian 
(Bose, 1923, p. 68) is a deeper-water facies containing ammonites of 
types not found in the Indidura formation, except Turrilites aff. costatus 
Lamarck. 

At Piedra de la Lumbre (Bése and Cavins, 1927, p. 28) the beds over- 
lying the Middle Albian contain Gryphea washitaensis Hill. 

The middle part of El Abra limestone (Muir, 1934, p. 393) and the 
lower part of the Upper Tamaulipas must be equivalent to Member 1 if 
the correlation of those formations with the Texan beds is correct. 


Members 2 and 3.—The genus Inoceramus does not occur below Mem- 
ber 3 in Sierra de la Pefia; the boundary between the characteristic 
faunas of Members 2 and 3 is sharp. 

In Sierra de Santa Ana, near the contact between M«mbers 2 and 3, 
the Inoceramus fauna so typical of Member 8 is mixed with the echinoid- 
ammonite assemblage typical of Member 2. However, it definitely suc- 
ceeds the echinoid-ammonite association. 
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Member 2 is of the same age in both areas, for the following fossils are 
common to both: 


Gryphea washitaensis Hill 

Gryphea washitaensis var. kellumi Jones n. var. 
Plicatula subgurgitis Bose 

Lima shumardi Shattuck 

Modiolus (?) sp. 

Pholadomya toribioensis Jones n. sp. 
Veniella coahuilaensis Jones n. sp. 
Sauvagesia kellyi Jones n. sp. 
Turrilites sp. A. 

Romaniceras indiduraense Jones n. sp. 
Romaniceras toribioense Jones n. sp. 
Romaniceras sp. indet. 

Phymosoma aff. mexicanum Bése 
Holectypus parvus Jones n. sp. 
Hemiaster berari Clark 

Hemiaster calvini Clark 


TaBLE 2.—Geologic range of fossils related to species of member 2 of the Indidura 


formation 
Species Nearest allied species Occurrence in Texas 
Alectryonia lugubris (Conrad)......... A. lugubris (Conrad) . . Eagle Ford 
Exogyra arietina var. coahuilaense 
Gryphea washitaensis Hill............ G. washitaensis Hill... Kiamichi to Main Street 
Gryphea washitaensis var. kellumi 
G. washitaensis Hill... Kiamichi to Main Street 
Pecten indiduraensis Jones n. sp.......P. virgatus Nilsson... . Austin 
Plicatula subgurgitis Bése............ P. subgurgitis Bése.... Denton 
Lima shumardi Shattuck............. L. shumardi Shattuck. Buda ? 
Acanthoceras barcusi Jones n. sp...... A. barcust Jones...... Eagle Ford 
Romaniceras, several n. sp............ genus Romaniceras.... Eagle Ford 
Pseudotissotia (?), several n. sp........ genus Pseudotissotia... Eagle Ford 
Coilopoceras, several n. sp............ genus Coilopoceras....Eagle Ford and Austin 
Metoicoceras bései Jones n. sp......... M. bosei Jones....... Eagle Ford 
Prionotropis sp. Moreman........... P. sp. Moreman...... Eagle Ford 
Prionotropis, several n. sp............ genus Prionotropis....Eagle Ford 
Phymosoma volanum (Cragin)........ P. volanum Cragin....Weno to Main Street 
Holaster nanus Cragin............... H. nanus Cragin..... Grayson 
Hemiaster berari Clark.............. H. bexari Clark...... Washita 
Hemiaster calvini Clark.............. H. calvini Clark...... Main Street to Buda 


Member 3, with the exception of the transitional zone in Sierra de 
Santa Ana, contains Inoceramus labiatus (Schlotheim) and Inoceramus 
sp. (aff. latus Elbert) Bése in the two areas, which are therefore corre- 
lated with each other. On the basis of the species of the genus Inoceramus 
present, Member 3 is certainly equivalent to at least a part of the Eagle 


j 
| 


92 T. S. JONES—SIERRA DE LA PENA AND THE INDIDURA FORMATION 


Ford formation of Texas and the Colorado group of the Western Interior. 

No such precise correlation with a Texan formation is made for Mem- 
ber 2. Collections in 1933, by Kelly in Sierra de Santa Ana and by the 
writer in Sierra de la Pefia, and in 1934 by the writer in both areas, con- 
tain fossils of Lower as well as of Upper Cretaceous age (see Tables 2 
and 3). The echinoids identified with Texan species are all of Lower 
Cretaceous age, the ammonites are all of Upper Cretaceous age, and the 
pelecypods are divided. At no place was any unconformity seen within 
the member, although the boundary between the Lower and the Upper 
Cretaceous exists somewhere within the member. 

The inevitable conclusion is that, although the sea withdrew from the 
United States after the Lower Cretaceous, it remained in parts of Mex- 
ico, where transitional beds accumulated. Kellum and Robinson in 
1935 found another Indidura locality in Mexico, where similar conditions 
exist.1_ Adkins has also concluded that there was continuous deposition 
in some places. 

Member 2 is thinner than the equivalent Texan formations, making a 
complete zonation more difficult. The lower limit cannot be placed much 
lower than the base of the Main Street, because Member 1 includes at 
least part of the Pawpaw. Member 2 must include some of the Main 
Street, because Gryphea washitaensis and Phymosoma volanum occur 
no higher. The upper limit must be within the Eagle Ford, because the 
member contains Alectryonia lugubris and many Eagle Ford ammonites, 
but a part of the Eagle Ford must be reserved for Member 3. 

If Member 2 includes beds laid down between Washita and Eagle Ford 
times, part at least should be a time equivalent of the Woodbine sand 
of Texas, which underlies the Eagle Ford and overlies the beveled surface 
of Washita formations, ranging from the Kiamichi to the Grayson. 
However, this cannot be proved by paleontological means, for the fauna 
of the Woodbine does not resemble that of the Indidura at all. Evi- 
dently the Woodbine is of a different facies from the Indidura. 

A locality of the Eagle Ford which appears to have much in common 
with the Indidura formation is the Chispa Summit section (Adkins, 1931, 
p. 35) in western Texas. At that place occur the genera Romaniceras, 
Pseudotissotia (?), Coilopoceras, and Prionotropis. No echinoids were 
found there, and the only pelecypods were Inoceramus labiatus (Schlo- 
theim) and a Pecten resembling P. indiduraensis Jones n. sp. This sec- 
tion unconformably overlies the Buda limestone. 

According to the correlation of the subdivisions of Cerro de Muleros, 
Chihuahua (Bése, 1910, p. 25), with the Texan formations, and the mem- 


2L. B. Kellum: Letter dated March 23, 1936. 
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Taste 3.—Distribution and range of Cretaceous invertebrates in Sierra de la Peita « 


Fossil 


Distribution and Range of Cretaceous Invertebrates in Sierr 


Aurora formation, Sierra de la Pefia 
Sierra de Santa Ana (member unknown) 


Member 2 
Sierra de la Pefia 
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bers of the Indidura formation with the Texan formations, Member 2 of 
the Indidura should equal the upper part of Subdivision 6 of Cerro Mu- 
leros and up through Subdivision 10 at least. Subdivision 6 contains 
Pinna guadalupae Bose, Gryphea washitaensis Hill, and Plicatula sub- 
gurgitis Bose; Subdivision 8 contains Hemiaster calvini Clark. Pinna 
guadalupae Bése and Plicatula subgurgitis Bose occur as low as Subdivi- 
sion 2, and Gryphea washitaensis Hill in Subdivision 5, together with 
Phymosoma mexicanum Bose. However, Subdivisions 2 to 5 and the 
lower part of 6 are better correlated with Member 1 when the complete 
faunas of both regions are compared with the Texan faunas. Member 3 
of the Indidura probably equals Subdivision 11 of Cerro de Muleros, for 
both contain little except Inoceramus labiatus (Schlotheim). Member 
2 of the Indidura may possibly equal part of the section at La Encan- 
tada, Placer de Guadalupe, Chihuahua, where Pteria pedernalis Bose and 
Pinna guadalupae Bose are found, and at Arivechi, Sonora, where Tapes 
gabbi Bose occurs. 

At Cerro del Macho, Hacienda del Mohdévano, Coahuila, about 50 
miles northwest of the outcrops of the Indidura in Sierra de Santa Ana, 
Haarman in 1911 found a fossiliferous section which he divided into three 
horizons; the fossils were studied by Bése (1918, p. 173). In the lowest 
beds, Horizon I, occur two fossils also present in Member 2 of Sierra de 
la Pefia, Metoicoceras sp. nov. Bése (M. bései Jones n. sp.) and Hemiaster 
sp. Bose. Horizons Ii and III contain no fossils in common with the 
Indidura, except Inoceramus labiatus (Schlotheim) in Horizon III. 
There are numerous ammonites in the upper two horizons, however, which 
belong to such genera as Vascoceras, Fagesia, Neoptychites, and Pseu- 
daspidoceras, characteristic of the Lower Turonian of Europe. The ab- 
sence of these forms from the Indidura formation of Sierra de Santa Ana 
and Sierra de la Pefia may be explained by the assumption that both 
horizons represent Member 3 of the Indidura, which contains no am- 
monites at all. 

The same “Vascoceras fauna” was found by Bése and Cavins (1927, 
p. 28) near Piedra de la Lumbre, 50 miles north of the Indidura of Sierra 
de Santa Ana; Inoceramus labiatus (Schlotheim) accompanies it there 
also, but no other Indidura fossils were found. The beds with the “Vas- 
coceras fauna” are underlain by beds probably equivalent to Horizon I 
of Hacienda del Mohévano. 
Inoceramus labiatus (Schlotheim) is common in northern Mexico, 
occurring with other members of the genus or with Alectryonia lugubris 
(Conrad). Its intimate association with Lower Cretaceous fossils has 
not been recorded. 
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ALLUVIUM 


The alluvium making up the deposits in the lagunas is the sand, 
gravel, and silt brought in by the drainage from surrounding mountains. 
Its maximum thickness is unknown, for deep wells at San Pedro de las 
Colonias have failed to reach the bottom. The present erosion cycle is 
the result of the uplift which was most rapid in the Eocene. 


SUMMARY STATEMENT 


The sedimentary rocks exposed in Sierra de la Pefia belong to the 
Aurora and the Indidura formations. 

The Aurora consists of at least 435 feet of thick-bedded, gray lime- 
stone with a little chert and some lenses of gypsum and dolomite; clas- 
tics are absent. It contains a large fauna associated with rudistid bio- 
stromes. Identifiable forms indicate that the Aurora is equivalent to the 
Edwards limestone of Texas. The Aurora is present in most of the moun- 
tain ranges of north-central Mexico. 

The Indidura formation is predominantly thin-bedded, black, lami- 
nated limestone and dark-gray to black, calcareous shales. It comprises 
three members, of which Member 1 is unfossiliferous; Member 2 contains 
forms found in both the Washita and the Eagle Ford of Texas; and 
Member 3 contains only Inoceramus of the Eagle Ford or Turonian. A 
complete section near Parras shows that the Indidura formation is more 
than 2000 feet thick. 

IGNEOUS ROCKS 


The igneous rocks in Sierra de la Pefia all belong to a single intrusion, 
the center of which is in the south-central part of the range, in Cafién 
de Llorén, 114% miles east of Cafién del Arco. Here the intrusion ap- 
pears to have cut through the beds and then spread between them as one 
or more sills, extending for several miles on each side. 

The thickest sill is near the contact between the Aurora and the Indi- 
dura formations. Usually the pure Aurora limestone is metamorphosed 
into a white to light-gray, finely crystalline calcite, which sometimes 
crumbles easily after it has been weathered. In one place, a thin zone 
of contact metamorphic silicates has been formed in the Aurora. 

Those beds of the Indidura which have been affected by the intrusion 
are resistant; they stand high above the igneous rocks themselves. The 
black laminated limestone has usually turned light gray, and is generally 
more siliceous. Contact metamorphic silicates are present in many 
places as radiating nodules, an eighth of an inch in diameter, which 
stand out from the weathered surface. 

The igneous rocks vary considerably in texture and composition. 
Near the center of the intrusion the crystals range in size up to a quarter 
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of an inch in length. Some specimens are composed almost entirely of 
dark greenish-black ferromagnesian minerals; others contain more than 
60 per cent feldspar. These extreme phases are apparently confined to 
definite zones parallel to the contacts. Biotite is common in the dark 
phase; it was not observed in the light phase. Alteration prevents exact 
petrographic determination; two thin sections were identified tentatively 
by Professor Walter F. Hunt and Mr. Jed Maebius, of the University of 
Michigan, as diabase and gabbro. 

Away from the center of the intrusion the texture of the rocks becomes 
finer grained. In Cafién de Llorén east of the center a porphyritic 
variety occurs; it contains stubby, dark olive-green crystals, a quarter of 
an inch in diameter, in a finer groundmass consisting of feldspar, biotite, 
and ferromagnesian minerals. Some of the rocks cropping out north of 
EI Estillero are almost felsitic; they possess a few white feldspar pheno- 
crysts. Rarely a sill is vesicular; and some of the vesicles are filled with 
calcite amygdules. 

The only ore minerals found in the intrusion occurred in several highly 
weathered, coarsely crystalline specimens of the light phase. These con- 
tained small quantities of chalcocite, azurite, malachite, and chrysacolla. 

At its center, the intrusion is probably a single sil!, about 200 feet thick. 
This divides laterally into a number of sills, of which the lowest is in 
some places within the Aurora limestone. In Cafién de Llorén near 
Cafién del Arco, where collection J47 was made, there are eight sills from 
3 to 8 feet in thickness. The lowest one is in the Aurora limestone; the 
others are in the Indidura formation, separated by 6 to 60 feet of lami- 
nated, black limestone and calcareous shale. The total thickness of sills 
and included sediments is 302 feet. Member 2 in this section has been 
baked to a hard, gray limestone in which cross sections of echinoids can 
be observed. 

A section in Cafién del Indio northeast of El Estillero includes thirty 
sills of fine-grained and a few vesicular basic rocks. The lowest is 125 
feet above the base of the Indidura formation. The sills range from 214 
to 17 feet in thickness, separated by laminated, black limestone and 
calcareous shale from 5 inches to 36 feet in thickness. The section of 
sills and included sediments is 554 feet thick. 

The igneous rocks do not form topographic features, and the strongly 
weathered, finer-grained rocks may be easily mistaken at first giance for 
sedimentary rocks. Judging from the isolated outcrops and loose pieces, 
thin tongues extend for some distance beyond the main mass of the in- 
trusion; the thin bedding of the Indidura formation made possible such 
thin sills. 
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The igneous rocks may extend along the eastern half of the north side 
of Sierra de las Burras. They occur in Cafién del Indio west of Puerto 
Santa Rosa and east of El Estillero, but they have not been seen on the 
northern slope of Los Corrales. The sills probably underlie the Laguna 
de Viesca for some distance, for they are prominent on the south side of 
the southernmost ridge of Sierra de la Peiia sensu stricto, near the in- 
trusion. 

The age of the igneous activity cannot be accurately stated. The 
rocks are undoubtedly intrusive, so they could not have formed until a 
sufficient thicsness of the Indidura formation was deposited to receive 
them; however, they must have been intruded before the folding was too 
pronounced to enable the magma to travel between the bedding planes. 
The sills were certainly formed before the middle cf the Eocene. 


STRUCTURE 
SOUTHERN COAHUILA 


In the Acatita-Las Delicias region of south-central Coahuila is a massif 
of intensely folded Paleozoic sedimentary formations and intrusives. Over 
this massif the Cretaceous beds have formed relatively gentle and sym- 
metrical flexures striking southeast, but west and south of the massif the 
formations have been folded strongly and asymmetrically around it. In 
southern Coahuila the ranges have an easterly trend and are tightly 
folded, with their axial planes dipping predominantly southward. The 
ranges bordering the Parras Basin have been overfolded along their 
northern margin. In the Upper Cretaceous, this basin was a subsiding 
geosyncline, receiving sediments from periodically re-elevated mountains 
around its border. 

SIERRA DE LA PENA 


General Statement.—Sierra de la Pefia is an anticlinorium striking 
N 70° W, consisting of several smaller anticlinoria, which, in turn, con- 
sist of complex, plunging anticlines. The Aurora limestone is the com- 
petent formation and forms the anticlinal ridges; the overlying Indidura 
formation crops out only in the synclines and around the base of the 
mountain, and in many places is crumpled into numerous minor folds 
(Pl. 1). 

Some of the tightly folded anticlines are isoclinal; most of the axial 
planes dip southward. The average dip on the southern flanks of the 
folds is about 45 degrees; the northern flanks usually dip from 70 degrees 
north to 70 degrees south. Near their plunging ends the folds are more 
open. Many of the larger anticlines divide, usually near their ends. The 
west end of the mountain has more than a score of fold axes; the east 
end has only six. 
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Faults in the range are almost all bedding faults. There may be a 
series of thrust faults between the range and the Upper Cretaceous foot- 
hills north of it. 


Anticlines—La Vandurria and Cerro Bola are both low anticlines of 
Aurora limestone, and may be outcrops of the same axis. 

The northern part of Sierra de Baicuco is tightly folded; there are 
small thrust faults in several places. The northernmost fold, preserved 
only in several spurs on the eastern half of the northern front, is the 
most recumbent in the area, for its northern limb is overturned in one 
place until it dips to the north again at 10 degrees. Part of its northern 
flank, resting on the Indidura, has been isolated by an arroyo, forming 
a klippe. 

The other folds of the northern part of Sierra de Baicuco are difficult 
to separate except at their plunging ends. The southern flank of the 
anticline north of Las Casas de Rivas is overturned so that in one place 
it dips 38 degrees to the north. Gypsum, exposed in the center of the 
anticline, may have been responsible for the fan shape. 

The southern part of Sierra de Baicuco consists of two main folds. 
The northern anticline is undulatory and forms three separate areas of 
outcrops; the southern consists of two anticlines set en echelon. No sig- 
nificance is attached to the en echelon arrangements in Sierra de la Pefia, 
because there are no more than two folds in any one set, and the arrange- 
ments do not have a consistent trend. 

The structure of the range is simplest in the central part, north of 
Lomas Tintas. Here, there are three main anticlines of Aurora lime- 
stone. The northernmost, Los Corrales, divides both eastward and west- 
ward, the branches plunging from either the north or the south side. The 
east end consists of two parts, of which the southern one is Cerro de Cilla. 
The west end is a low simple anticline which tapers into the alluvium. 

La Verna-Murillo anticline, south of Los Corrales, is simple in its 
eastern half, although it has a conspicuous saddle, at the opposite ends 
of which are Cafién de las Tinajas del Indio and El Estillero. West of 
Cerro de la Verna, however, the anticline divides into a number of smaller 
ones. 

The Don Augustin-Cafién del Arco anticline is likewise simple in its 
eastern half, and possesses a saddle corresponding to the one in La 
Verna-Murillo anticline. Several miles farther west the anticline be- 
comes quite complex, probably owing to the proximity of the center of 
the igneous mass. A small isoclinal branch here is overturned so that 
its axial plane dips 71 degrees north. This unique dip may be due to 
the large quantity of igneous rock in Cafién de Lloron. 
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At Cafién del Arco this southern anticline curves slightly northward 
instead of continuing westward; it seems to plunge, curve more northerly, 
and re-appear on the surface. Another branch rises from a point west 
of Cerro del Refugio, continues westward, and divides. 

South of the east ends of these three main structures is a group of 
anticlines which do not extend the length of the range, but plunge sev- 
eral miles to the west. Some of the axes of folding may continue below 
the surface to form Lomas Tintas or Sierra de las Burras. 

Sierra de las Burras consists of a great number of anticlines which 
belong in three groups. The northernmost fold of the northernmost 
group is long and slender, parallel to a much larger one south of it; the 
syncline between the two is so narrow that it may be easily overlooked. 
A similar slender anticline parallels the south side of the central group. 

Most of the narrow synclines of the southern group of folds of Sierra 
de las Burras lack the outcrops of the shale which so clearly indicate the 
other synclines of the area. The axial plane of Cuchilla Zabaleta, one 
of the synclines near the west end, dips to the north. The dips on the 
end of Cuchilla Zabaleta are low; they are hard to measure exactly be- 
cause it cannot be determined at first glance whether or not the weathered 
surface of the thick-bedded limestone is parallel to the bedding planes. 

The south side of this group of folds is indented by several small 
rinconadas. Some of these are at least partly structural, but have been 
enlarged by erosion. At the fork of the road to Viesca, on the south side 
of this group, there is an inconspicuous fold whose northern limb is con- 
cealed by talus. Similar outcrops farther west may possibly be a con- 
tinuation of this same axis. 


Synclines—The structure of the splintery shale formation is difficult 
to ascertain. Dip readings are often unobtainable, and thicker traceable 
beds are usually contorted. Furthermore, the two limbs of a shale syn- 
cline are rarely distinguishable because almost all the synclines are 
isoclinal. However, in the mouth of Cafién de Llorén, a line of low- 
dipping shale hills indicates the probable position of the axis. North of 
Los Corrales the folds cannot be certainly determined from the scattered 
outcrops, but there undoubtedly are at least several. 

Folds in the Indidura formation are much tighter than those in the 
Aurora limestone. Shale beds high in the formation are more overturned. 
At Sierra de Barril, although the shale is vertical at the contact, it dips 
45 degrees to the north a short distance away. This discrepancy is usu- 
ally not so apparent on the southern flanks of the anticlines, although 
on the southern flank of the southernmost anticline of the northern half 
of Sierra de Baicuco the limestone dips 76 degrees to the south, and 
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slightly south of it the shale dips 10 degrees to the north. Some of the 
shale synclines must be fan-shaped. 

In some of the smaller and higher synclines the shale has been removed 
from the limestone floor, which is regular, indicating that the tightest 
folding exists entirely within the shale. At the east end of the mountain, 
overturned dips may be observed in shale for some distance east of the 
supposed termination of the limestone anticlines. It is not certain how 
far up in the section this tight folding continues; if Upper Cretaceous 
sandstones covered the mountain the whole shale formation might well 
have been tightly folded. 


Faults—There are no faults of more than 100 feet stratigraphic throw 
in Sierra de la Pefia. Most of the slickensides and small fault breccias 
common in the area are probably the result of numerous bedding faults. 

North of Cuchilla Zabaleta in the southwestern part of the range is a 
thrust fault. A few thick beds of Aurora limestone on the southern limb 
of an anticline now overlie the lower 30 feet of the Indidura formation. 
The limestone has a peculiar aspect, as if numerous glide planes had 
formed in it. 

On the north side of Cuchilla de las Burras in the southwestern part 
of the range a vertical strike fault zone, several feet wide in the Aurora 
limestone, containing crushed and weathered Indidura rocks, is probably 
of only a few feet displacement. 

East of Cerro de la Verna in the central part of the mountain a syncline 
is continued for half a mile as a fault. Gypsum is exposed in the south- 
ern, or upthrown, block. 

In a small anticline south of the center of igneous rocks in the south- 
central part of the range a vertical dip fault is exposed in @ canyon wall 
for a short distance. 


Summary of Structure—Sierra de la Pejfia is a rather narrow uplift on 
which are superposed a number of smaller folds. The depth of the upper 
contact of the Aurora limestone below the surface of the Laguna de May- 
ran is not known, but there are about 20,000 feet of sediments overlying 
the limestone in E] Pozo-Boquillas region northeast of the area. South 
of the range this great thickness of Upper Cretaceous rocks has not been 
encountered; nevertheless, the Aurora limestone does not crop out be- 
tween the range and Sierra de Jimulco, a distance of more than 12 miles. 
The troughs of the synclines within the mountain are so narrow that 
they are considered shallower than the limestone floor below the lagunas. 
The Aurora limestone is exposed in some of the smaller synclines. 

Thinning of the beds on the flanks of the folds was probably not an 
important method of relief from the folding. Several sections measured 
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through small anticlines show that the northern limbs are as thick as the 
southern limbs. No individual beds were observed to thin. More likely, 
adjustment to the folding was made by slipping along the bedding planes; 
many of these surfaces are slickensided. Gypsum probably acted as a 
lubricant in some places; the folds are less numerous and more open in 
the eastern part of the range, where gypsum was not seen. 

The folding of Sierra de la Pefia is much like that of Sierra de Parras, 
Sierra de Jimulco, Sierra de Mapimi, and others on the west, south, and 
east sides of the Parras Basin; it bears little resemblance to the gentle 
symmetrical folds north of the basin on the massif of the Acatita-Las 
Delicias region. 


FOSSIL LOCALITIES 


Collections J1 to J47 were made by the writer in Sierra de la Pefia in 
1933 and 1934; collections J50 to J70 were made by him in Sierra de 
Santa Ana in 1934. Collections K65 to K139 were made by W. A. Kelly 
in Sierra de Santa Ana in 1933. All localities are indicated on Plate 1 


or Figure 2. 


J1 —South side of Cerro de Cilla, half a mile from the east end, Sierra de la Pefia 
sensu stricto. 

J3 —Sierra de Barril, north side of Los Corrales, 2 miles from the east end, Sierra 
de la Pefia sensu stricto. 

J5 —West end of Cerro de Cilla, Sierra de la Pefia sensu stricto. 

J6 —South side of Caiién del Indio, 4% miles from the east end, at the entrance to 
Cafién de las Tinajas del Indio, Sierra de la Peifia sensu stricto: 

J7 —North side of Cafién del Indio, 6 miles from the eastern end, northeast of El 
Estillero, Sierra de la Pefia sensu stricto. 

J8 —South side of Cafiédn de Talera, Sierra de la Pefia sensu stricto. 

J10—West part of Cafién de la Virgen, Sierra de la Peiia sensu stricto. 

Jli—North side of Cafidn de Llorédn, 7% miles from the east end, west of El 
Estillero, Sierra de la Pefia sensu stricto. 

J12—North side of Cafiédn del Indio, 11 miles from the east end, south of Cerro 
San José, Sierra de la Pefia sensu stricto. 

J21—Sierra de Barril, north side of Los Corrales, 2 miles from the east end, Sierra 
de la Pejfia sensu stricto. 

J22—North side of the west end of Cerro Bola. 

J26—Cross-canyon on the north side of Sierra de Baicuco, 3 miles from the east end. 

J27—North side of Puerto Santa Rosa, Sierra de Baicuco. 

J28—Cross-canyon of Sierra de Baicuco, 3 miles from the east end, northeast of Las 
Casas de Rivas. 

J29—Small syncline 6 miles from the west end of Cuchilla de la Cruz, Sierra de la 
Pefia sensu stricto. 

J33—South side of Cuchilla de Don Augustin, 3 miles from the west end, Sierra de 
la Pefia sensu stricto. 

J34—North side of a syncline north of Cuchilla Zabaleta, 3 miles from the west end, 
Sierra de las Burras. 
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J35—North side of Cuchilla de las Burras, 2% miles from the east end, Sierra de las 
Burras. 
J36—Western part of a small syncline on the north side of Sierra de las Burras. 
J37—North side of Cuchilla de las Burras, 3% miles from the east end, Sierra de las 
Burras. 
J38—West end of a syncline north of Cuchilla Zabaleta, Sierra de las Burras. 
J39—South side of an anticline south of Cuchilla de las Burras, 3 miles from the 
east end, Sierra de las Burras. 
J40—Small syncline in Cuchilla Zabaleta, 1 mile from the west end, Sierra de las 
Burras. 
J41—North side of Cuchilla de las Burras, 114 miles from the east end, Sierra de las 
Burras. 
J42—South side of an anticline south of Cuchilla de las Burras, 2% miles from the 
east end, Sierra de las Burras. 
J43—Small syncline on the south side of Cuchilla de las Burras, 4% miles from the 
east end, Sierra de las Burras. 
J44—South side of the Don Augustin-Cafién del Arco ridge, 1 mile east of Cafién del 
Arco, Sierra de la Peiia sensu stricto. 
J45—Small syncline on the south side of Cafidn de Llorén, 1%4 miles east of Cafién 
del Arco, Sierra de la Peiia sensu stricto. 
J46—South side of Caiién de Llorén, 1% miles west of Caiién del Arco, Sierra de la 
sensu stricto. 
J47—North side of Cafién de Llorén, north of Cafiédn del Arco, Sierra de la Pefia 
sensu stricto. 
J50—Float, just northwest of Fossil Hill, Sierra de Santa Ana. 
J52, J58—Fossil Hill, Sierra de Santa Ana. 
J54, J55, J56—Hill just north of Fossil Hill, Sierra de Santa Ana. 
J57, J58-—Hill just southeast of the mouth of Indidura Cafién, Sierra de Santa Ana. 
J60—Six-tenths of a mile south of Cerro Indidura, Sierra de Santa Ana. 
J62—Three-tenths of a mile south of Cerro Indidura, Sierra de Santa Ana. 
J63—Arroyo on the eastern slope of Cerro Indidura, Sierra de Santa Ana. 
J65—Arroyo east of Bajasillo, seven-tenths of a mile northeast of Cerro Indidura, 
Sierra de Santa Ana. 
J67—Arroyo on the eastern slope of Cerro Indidura, Sierra de Santa Ana. 
J68, J69—Hill four-tenths of a mile southeast of the mouth of Indidura Cafién, 
Sierra de Santa Ana. 
J70—Fossil Hill, Sierra de Santa Ana. 
K65—Hill just north of Fossil Hill, Sierra de Santa Ana. 
K66, K67, K68, K69—Fossil Hill, Sierra de Santa Ana. 
K70—Hill just west of the mouth of Indidura Cafién, Sierra de Santa Ana. 
K71, K72, K73, K74, K76—Fossil Hill, Sierra de Santa Ana. 
K122, K128—Two-tenths of a mile south of Cerro Indidura, Sierra de Santa Ana. 
K124—Four-tenths of a mile west of Cerro Indidura, Sierra de Santa Ana. 
K125—Two-tenths of a mile south of Cerro Indidura, Sierra de Santa Ana. 
K126—Hill southeast of the mouth of Indidura Cafién, Sierra de Santa Ana. 
K127—Fossil Hill, Sierra de Santa Ana. 
K128—Hill just north of Fossil Hill, Sierra de Santa Ana. 
K129, K130—Western slope of Cerro Indidura, Sierra de Santa Ana. 
K139—Two-tenths of a mile northeast of Cerro Indidura, Sierra de Santa Ana. 
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SYSTEMATIC PALEONTOLOGY 


Phylum BRACHIOPODA 
Genus Concinnithyris Sahni 
Concinnithyris (?) sp. 

(Plate 2, figures 1-3) 


Description: There are five specimens of poorly preserved terebratulids from the 
Aurora formation of Sierra de la Peifia. 

Shell small, subpentagonal, elongate, only moderately convex, biplicate. Pedicle 
valve more convex than brachial valve; beak slightly curved and free from dorsal 
umbone, beak ridges well defined. Foramen of medium size. Loop short, like that 
of a terebratulid. 

Drmensions: length 17 mm., width 14.2 mm., thickness 9.1 mm. 

Remarks: The character of the loop, observed by sectioning, shows that this 
species is a terebratulid. The preservation of the specimens is too poor for their 
certain reference to any genus. Concinnithyris does not occur below the Cenomanian 
in England. The specimens resemble externally a larger brachiopod found 400 feet 
below the top of the Aurora limestone of Sierra de Parras. 

Univ. Micx. No. 16601, 16602. 

Occurrence: Aurora formation, Sierra de la Pefia, Coahuila; collection J28. 


Genus Ornithothyris Sahni 
Ornithothyris (?) ehlersi Jones n. sp. 
(Plate 2, figures 4-8) 


Description: The description is based on numerous specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell of moderate size, subpentagonal, elongate, only moderately convex, pedicle 
valve more convex than brachial valve. Beak slightly curved and free from the 
dorsal umbone; beak ridges indistinct. Foramen moderately large, circular, per- 
mesothyrid, tending to be mesothyrid. Symphytium moderately broad, well exposed. 
Surface smooth, except for concentric growth lines. 

Dimensions OF HOLOTYPE: length 21 mm., width 18.1 mm., thickness 10.9 mm. 
Other specimens reach a length of 30 mm. 

Loop short, with fairly prominent, pointed, somewhat dorsally directed crural 
processes; band broad, concave toward the center of the shell; transversé band 
arches toward the posterior end of the shell. 

Remarks: The species may belong to an undescribed genus. Ornithothyris does 
not occur below the Turonian in England. It is described as rectimarginate, although 
the illustrations seem to show a tendency toward biplication. The loop of Ornitho- 
thyris appears quite different, but does show “sa sudden arching up in the middle.” 

Univ. Micx. No. 16603 (holotype), 16604, 16850. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J52. 
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Phylum MOLLUSCA 
Class PELECYPODA 


Genus Pinna Linnaeus 
Pinna guadalupae 
(Plate 2, figures 11-13) 


1910. Pinna guadalupae Boss, Inst. Geol. México, Bol. 25, p. 85, pl. 13, figs. 1-9; pl. 
14, figs. 1, 2. 

Description: The species is represented by twelve fragmentary specimens, usually 
preserving part of the calcareous material of the shell. They agree in all respects 
with Bése’s description. 

DIMENSIONS OF A SMALL SPECIMEN (PI. 2, figs. 11, 12): length 67 mm., height 31 
mm., thickness 21.5 mm. 

Univ. Micu. No. 16689-16692, 16773, 16774. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J56-58, J68. 

OTHER OCCURRENCES: Subdivisions 2, 4, and 6, Middle and Upper Albian; Cerro 
de Muleros, Chihuahua; Vraconnian, La Encantada, Chihuahua. 


Genus Inoceramus Sowerby 
Inoceramus labiatus (Schlotheim) 


1893. Inoceramus labiatus Stanton, U. 8. Geol. Surv., Bull. 106, p. 77, pl. 10, fig. 4; 


pl. 14, fig. 2. 
1898. Inoceramus labiatus Locan, Kansas Univ. Geol. Surv., vol. 4, p. 450, pl. 92, 
g. 4 


1900. Herrick and Jounson, Denison Univ. Sci. Lab., Bull. 11, 
art. 9, pl. 37, fig. 2. 

1903. ee — Jounson, Columbia Univ., Contr. Geol. Dept., vol. 10, 
no. 90, p. 115. 

1908. Inoceramus labiatus SHimer and Biopcert, Am. Jour. Sci., 4th ser., geol., vol. 


25, p. 61. 

1913. Inoceramus labiatus - Inst. Geol. México, Bol. 30, p. 25, pl. 1, fig. 14; pl. 2, 
figs. 1-6; pl. 3, fig. 2 

1918. Inoceramus labiatus Boss, Univ. —_ Bull. 1856, p. 229, pl. 20, fig. 

1922. labiatus REESE, Geol. Surv., Prof. Paper 132, p. pl. 14, 


g. 6. 
1923. Inoceramus labiatus Boss, Inst. Geol. México, Bol. 42, p. 183, pl. 17, fig. 18. 


Description: This species is represented by a few poorly preserved specimens from 
the Indidura formation of Sierra de Santa Ana and Sierra de la Pefia, Coahuila. 
They agree with previous descriptions. 

DIMENSIONS OF A FAIRLY COMPLETE SPECIMEN: length 55 mm., height 67 mm. 

Remarks: The surface markings of this species resemble those of J. hercynicus 
Petraschek and /. opalensis Base, but the general outline is narrower and less oblique. 

Univ. Micu. No. 16855, 16103. 

OccurrENCE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J58, J69, K70, K72, K122, K128, 
K130. 

Member 3, Indidura formation, Sierra de la Pefia, Coahuila; float. 

OTHER OCCURRENCES: Turonian, Mexico; Eagle Ford formation, Texas; Greenhorn 
limestone, Western Interior. 
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Inoceramus sp. 
(Plate 2, figure 14) 


1923. Inoceramus sp. (aff. latus Elbert) Bész, Inst. Geol. México, Bol. 42, p. 185, pl. 
11, fig. 56; pl. 12, fig. 7. 

Description: This species is represented by several poorly preserved specimens 
from the Indidura formation of Sierra de Santa Ana and Sierra de la Pefia, Coahuila. 

The specimens agree well in general outline with Bése’s illustrations. There is 
some variation in the shape of the ribs; usually the ventral ones are wider than the 
dorsal ones. 

DIMENSIONS OF FIGURED SPECIMEN: length 24.5 mm., height 23 mm. 

Univ. Micu. No. 16851, 16852. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection K122. 

Member 3, Indidura formation, Sierra de la Pefia, Coahuila; collection J21. 

OTHER OCCURRENCES: Turonian, Camacho, Zacatecas; Turonian, San Juan de 
Guadalupe, Durango. 

Inoceramus sp. undet. 


Description: Numerous fragmentary specimens belonging to this genus occur in 
the Indidura formation of Sierra de Santa Ana and Sierra de la Peiia, Coahuila. 
Some of them certainly represent new species. In general, they resemble most 
closely the forms of the Eagle Ford formation of Texas and the equivalent Colorado 
formation of the Western Interior. 

OccunrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J56-58, J62, J67-68, K66-67, K69, 
K71-72, K122, K125, K128-130. 

Member 3, Indidura formation, Sierra de la Pefia, Coahuila; collections J21, J47. 


Genus Pteria Scopoli 
Pteria pedernalis (Bése) not (Roemer) 
(Plate 2, figure 20; Plate 3, figures 8, 10, 13, 17) 
1910. Avicula pedernalis Boss, Inst. Geol. México, Bol. 25, p. 84, pl. 12, figs. 4-9. 


Description : This species is common in the Indidura formation of Sierra de Santa 
Ana, Coahuila, in the form of casts, some with a part of the shell substance adhering. 

Shell large, oblique, semi-oval in outline, almost equivalve, left valve being 
slightly more convex than the right. Beaks of moderate size, slightly incurved, 
situated about three-tenths of the length of the hinge line from the anterior ex- 
tremity, projecting slightly above the hinge line. The body of the shell becomes 
thicker and longer obliquely downward and backward; in front of the beak is a 
triangular wing of moderate size, not separated from the rest of the shell by any 
pronounced sulcus; back of the beak is a much larger, similar wing. 

DIMENSIONS OF AN AVERAGE SPECIMEN (PI. 3, figs. 8, 10): length 65 mm., height 
66 mm., thickness 39 mm. 

Surface of shell marked by broad concentric lamellae. 

Several specimens show small, prominent muscle scars near the beaks. 

Remarks: The specimens are higher and thicker than Roemer’s types of Avicula 
pedernalis, and the concentric sculpture is coarser and more regular. The species 
can be distinguished from Avicula aguilerae Bése by its broad lamellae, greater con- 
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vexity, peculiar muscle scars on the beaks, and the absence of a precise limit between 
the body of the shell and the posterior wing. 

Univ. Mic. No. 16693-16701, 16108. 

OccurreNce: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J56-58, J62, J68-69. 

OTHER OCCURRENCES: Vraconnian, Placer de Guadalupe, Chihuahua. 


Genus Alectryonia Fischer 
Alectryonia lugubris (Conrad) 
(Plate 2, figures 18, 19) 


1857. Ostrea lugubris Conran, U. S. and Mexican Boundary Surv., Rept., vol. 1, 
pt. 2, p. 156, pl. 10, fig. 5. 
1869. ay lugubris Coquanp, Mon. Genre Ostrea Terrain Crétacé, p. 66, pl. 36, 
23. 


figs. 
1876. Ostrea lugubris Meek, Expl. Exped. from Santa Fe, N. M., to Junction of 
Grand and Green Rivers, Rept., p. 128, pl. 1, fig. la-d. 
1884. Ostrea lugubris Wurts, U. 8. Geol. Surv., Ann. "Rept. 4, p. 297, Pl. 41, fig. 3. 
1893. Ostrea lugubris Stanton, U. 8. Geol. Surv., Bull. 106, P. 58, pl. 4 
1893. Ostrea lugubris Cractn, Texas Geol. Surv., "Ann. Rept. 4 Oi 
1898. Ostrea lugubris Loaan, ‘Kansas Univ. Geol. Surv., vol. 4, p. 445, 'pl. 91. 
1903. Jounson, Columbia Univ., Contr. Geol. Dept., vol. 10, no. 90, 
1 
1908. snes lugubris SH1mer and Buopcett, Am. Jour. Sci., 4th ser., vol. 25, p. 60. 
1913. a_i lugubris Boss, Inst. Geol. México, Bol. 30, p. ra pl. 8, 
1928. Alec onia ona Apxins, Univ. Texas, Bull. 2838, p. 104, pl. 16, fig. 5; pl. 


Description: This species is represented by eight specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila, which agree well with some of the previ- 
cus descriptions. 

DIMENSIONS OF FIGURED SPECIMEN: length 19 mm., height 19.5 mm. 

Because of the large scar of attachment the shapes of the individuals vary. 

Remarks: The specimens from Sierra'de Santa Ana resemble most closely those 
figured by Bése. The Texan specimens may be specifically distinct, possessing more 
regular and larger plications with narrower interspaces. 

Univ. Micu. No. 16702-16705, 16126. 

OccurrENCE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57, J68-69, K73. 

OrHer occurrENces: Lower Turonian, Peyotes, Coahuila; Eagle Ford formation, 
Texas; Carlile formation, Western Interior. 


Genus Ezogyra Say 
Exogyra arietina var. coahuilaenis Jones n. var. 
(Plate 2, figures 21-24) 


Description: These small exogyras are abundant in the Indidura formation of 
Sierra de Santa Ana, Coahuila. 

Shell small, inequivalve, inequilateral. Lower valve convex; beak coiled close to 
surface of valve, in older specimens making a revolution and a half; low, rounded, 
radial, umbonal ridge present in some; no sinus. Surface of many marked with 
numerous radial striae which begin about 3-mm. from the beak, and extend in one 
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case a. distance of 18 mm. from the beak; inconspicuous growth lamellae present, 
and in some a few low, irregular, concentric folds. 

Upper valve opercular, round to slightly oval, spirally coiled at beak; surface 
marked only by concentric growth lamellae. 

DIMENSIONS OF AN AVERAGE SPECIMEN (PI. 2, fig. 24): length 10.5 mm., height 
17 mm. 

Remarks: This variety differs from Exogyra arietina Roemer s.s. in its smaller 
size, absence of radial depressions or a prominent umbonal ridge, and broader ventral 
margin. The specimens resemble young forms of £. arietina. 

Univ. Micu. No. 16706-16714, 15844-15847. 

OccurrENCcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana; collections J53, J57-58, J68-69, K65, K70, K76, K123. 

Occurrence of Exogyra arietina Roemer s.s.: Main Street, Gravson, and Del Rio 
formations; Oklahoma, Texas, and northern Coahuila. 


Exogyra plexa Cragin 
(Plate 2, figures 25, 26) 


1893. Exogyra plexa Cracin, Texas Geol. Surv., Ann. Rpt. 4, p. 187, pl. 30, figs. 3-5 
(not 6). 

1919. Exogyra plexa Boésn, Univ. Texas, Bull’ 1902, p. 7, 8, pl. 1, figs 

1919. Exogyra plexa ADKINS, Univ. Texas, Bull. 1945, p. 65, pl. i3, 8-10). 


Description: This species is represented by six specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila, which agree with Cragin’s description. 

DIMENSIONS OF FIGURED SPECIMEN: height 24 mm., length 19 mm. 

Remarks: Those specimens with radial folds are generally considered to represent 
a different species. The Mexican specimens are smooth on the ventral part of the 
shell. Bése has noted that the latter characteristic is peculiar to old individuals and 
to a form from the Fort Worth limestone. 

Univ. Micu. No. 16715-16717. 

OccurrENce: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collections J54, J64. 

OrveER occuRRENCES: Goodland, Kiamichi, Duck Creek (types) and Fort Worth (?) 
formations, Texas. 

Genus Gryphea Lamarck 


Gryphea marcoui Hill and Vaughan 
(Plate 2, figures 9, 10) 


1898. Gryphea marcout Hit and Vaucuan, U. S. Geol. Surv., Bull. 151, p. 50, pls. 2-5. 
1919. Gryphea marcoui ApKINs, Univ. Texas, Bull. 1945, p. 61, pl. 15, figs. 15-18. 

Description: This species is abundant in the Aurora limestone of Sierra de la 
Pejfia, Coahuila. 

Shell rather small, inequivalve, slightly inequilateral. Lower valve oval, with a 
strongly incurved, straight, narrow beak. Ventral margin somewhat flared. Promi- 
nent radial sinus present. Surface marked only with coarse growth lines. 

DIMENSIONS OF FIGURED SPECIMEN: length 11.5 mm., height 19.5 mm. 

Univ. Micu. No. 16718-16723. 

OccurreNce: Aurora formation, Sierra de la Pefia, Coahuila; collections J26, J28. 

OTHER OccURRENCES: Walnut, Comanche Peak, and Edwards formations, Texas. 
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Gryphea washitaensis Hill 
(Plate 3, figures 14-16) 


1889. Gryphea washitaensis Hutu, Check list of the invertebrate fossils of the Cre- 


q taceous formations of Texas, p. 11. 
1898. Gryphea washitaensis Hit and Vaueuan, U. 8. Geol. Surv., Bull. 151, p. 59, 
pls. 19-23. 
1910. Gryphea pitcheri var. washitaensis Boss, Inst. Geol. México, Bol. 25, p. 110, 
pl. 20, figs. 1-13. 
1920. — washitaensis Apkins and Winton, Univ. Texas, Bull. 1945, p. 62, pl. 
15, figs. 5-12. 


Description : This species is represented by numerous specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell of medium size, subtriangular. Shell substance thin. Lower valve convex. 
Main part of valve semi-ovoid, almost symmetrical. On the posterior side is a 
triangular wing, which may project from the ventral margin, or from the central part 
of the shell; this wing is usually separated from the rest of the valve by a slight de- 
pression, in some by a sharply impressed groove, which may be discontinuous. 
Beaks broad, slightly elevated, not projecting over upper valve, usually flattened by 
attachment scar. Surface marked only by inconspicuous growth lamellae, or occa- 
sionally a series of irregular, concentric wrinkles. Upper valve flat or slightly de- 
pressed, subcircular, with a lateral expansion; surface marked only by concentric 
growth lamellae. 
cal DIMENSIONS OF SPECIMEN FIGURED (PI. 3, fig. 15): length 27 mm., height 33 mm. 

Remarks: The species is extremely variable. One specimen is very close to the 
Texan types, but on the whole the specimens possess only one wing, as do those 
from Cerro de Muleros. The beak is also broader, lower, and less incurved than on 
the Texan specimens. 

Unrv. Micu. No. 15537-15538, 15840-15843, 16079-16080, 16875-16883, 16885-87. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa. Ana, Coahuila; collections J52, J54, J64-65. 

Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de Santa 
Ana, Coahuila; collections J57, K66, K68-69, K71, K73-74, K123, K127. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J35, 
J37-40. 

OTHER OCCURRENCES: Kiamichi to Main Street formations, Texas; Subdivisions 5 
and 6, Upper Albian, Cerro de Muleros, Chihuahua. 


Gryphea washitaensis var. kellumi Jones n. var. 
(Plate 3, figures 3-5) 


Description: The description is based on numerous specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 
} Shell of medium size, semicircular. Shell substance thin. Lower valve convex, 
usually with a subangular crest, so that the ventral part of the shell forms almost a 
right angle with the dorsal part. Beaks flat, many with a prominent scar of attach- 
ment. There is an extension of the shell on each side of the beak, the posterior one 
being longer; their dorsal margins form a long, straight, hinge line. No umbonal 
ridge; surface of valve very broadly rounded, the most convex part being set 
obliquely to the hinge line. Surface marked only with inconspicuous growth 
lamellae, and some with a few, small, distant, concentric wrinkles. Upper valve not 
observed. 
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DIMENSIONS OF SPECIMEN FicuRED (P]. 3, figs. 3, 4): length 26.5 mm., height 23.2 
mm. 

Remarks: This variety differs from Gryphea washitaensis s.s. in possessing a 
longer hinge line. But the two forms occur in the same beds and the same localities, 
and grade into each other. 

Univ. Micu. No. 16127, 16128, 16900. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collections J52, J54-55, J63-64, K75. 

Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de Santa 
Ana, Coahuila: collection J57. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J12, J38-41, 
J43, J46. 

Genus Pecten Miiller 


Pecten (Camptonectes) indiduraensis Jones n. sp. 
(Plate 3, figures 1, 2) 


Description: The description is based on numerous specimens, usually showing 
only the interior, from the Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell rather large, almost equilateral; both valves very slightly convex; antero- 
dorsal and postero-dorsal margins straight, the latter slightly longer; angle of 
divergence of the two margins from the beak 90 degrees. Ventral margin a sym- 
metrical curve, somewhat more than a semicircle. Anterior ear about one and a half 
times as long as the posterior ear. 

DIMENSIONS OF HOLOTYPE: length 292 mm., height 318 mm. Length of largest 
specimen 54 mm. 

Shell substance thin; outer surface marked with numerous, fine, radiating folds 
which increase ventrally by bifurcation and intercalation. Folds broad, low, rounded, 
covered with extremely fine, radiating, divergent striae; interspaces very narrow, 
V-shaped. Ears apparently similarly marked. Concentric growth lines few, irregu- 
larly spaced. Both valves similar in ornamentation. 

Remarks: This species is very close to several pectens from the Austin chalk and 
equivalent formations. P. virgatus Roemer is anteriorly extended and possesses 
larger ears. B. bellisculptus (Conrad) (P. Kniker?) possesses more conspicuous con- 
centric markings and a concave antero-dorsal margin. 

Univ. Micu. No. 16724 (holotype), 16725-16732. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J63. 

Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de Santa 
Ana, Coahuila; collections J56-58, J68-69. 


Pecten (Neithea) subalpinus (Bose) 


1903. mr texanus (in part) SHarrucx, U. S. Geol. Surv., Bull. 205, p. 17, pl. 5, 


1910. Vola subalpina Boss, Inst. Geol. México, Bol. 25, p. 96, ppl. 15, 
1918. Neithea subalpina Knixer, Univ. Texas, Bull. 1817, p. 28, pl. 5 4, 


Description: The species is represented by thirteen seaieaieiad specimens from 
the Aurora formation of Sierra de la Pefia, Coahuila, which agree with Bése’s 
description. 

Univ. No. 16733-16736. 


| 
4 
q 
he 4 
4 
: 


SYSTEMATIC PALEONTOLOGY 109 


Occurrence: Aurora formation, Sierra de la Peiia, Coahuila; collections J26, J28, 
J45, and float. 

OTHER OCCURRENCES: Subdivisions 2 and 3, Middle Albian; 5 and 6, Upper Albian; 
8 and 9, Lower Cenomanian; Cerro de Muleros, Chihuahua. Washita, Del Rio, and 
Buda formations; Texas. 


Genus Plicatula Lamarck 
Plicatula subgurgitis 
(Plate 3, figures 6, 7, 9, 11, 12) 
1910. Plicatula subgurgitis Bosn, Inst. Geol. México, Bol. 25, p. 100, pl. 15, figs. 21-23. 


Description: This species is common in the Indidura formation of Sierra de Santa 
Ana, Coahuila, and is occasionally found in Sierra de la Pefia, Coahuila. 

The specimens agree fairly well with Bése’s description, but all do not possess a 
conspicuous crest. The costae on the left valve of some are less prominent than 
those on the right valve, especially near the ventral border, where concentric lamellae 
may be more apparent than the radial costae. : 

DIMENSIONS OF AN AVERAGE SPECIMEN (PI. 3, fig. 9): length 19 mm., height 188 
mm., thickness 6.8 mm. 

Remarks: Adkins lists the species under P. incongrua Conrad, from which Bose 
had rightly distinguished it. Cragin’s P. tncongrua, included in Adkins’ synonomy, 
is not identical with Conrad’s species; it seems to be intermediate between P. 
dentonensis Cragin and P. subgurgitis Bose. A collection of Plicatulas in the Mu- 
seum of Paleontology of the University of Michigan labelled P. dentonensis, Weno 
marl, Sycamore Creek, Fort Worth, Texas, shows a complete gradation from the 
typical P. dentonensis into typical forms of P. subgurgitis. 

Univ. Micu. No. 16737-16754, 15531-15536, 15848-15850. 

OccurrENCE: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collections J52, J63. 

Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de Santa 
Ana, Coahuila; collections J53, J57, J68-69, K68-69, K72, K74, K76, K123-124, K127, 
K139. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J12, J27, 
J33, J40, J42, J44. 

OTHER occuRRENCES: Denton formation, Texas; Subdivisions 2, 5, 6, Middle and 
Upper Albian; Cerro de Muleros, Chihuahua. 


Genus Spondylus Linnaeus 
Spondylus pefaensis Jones n. sp. 
(Piate 4, figures 1-5) 


Description: The description is based on numerous specimens, mostly poorly pre- 
served, from the Indidura formation of Sierra de la Pefia, Coahuila. 

Shell of moderate size, inequivalve, almost equilateral, subovate in outline, higher 
than long. Attached valve subovate in outline, convex; beak elevated, directed 
outwardly, some acute; hinge line fairly long, cardinal area large; ears inconspicu- 
ous. Free valve broadly subovate to subcircular in outline, slightly convex at beak, 
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flat or even depressed near ventral margin; beak small, incurved, not elevated above 
hinge line; ears more distinct than those of attached valve. 

DIMENSIONS OF HOLOTYPE: length 21.5 mm., height 37.7 mm., thickness 14.4 mm. 

Surface of free valve marked by radial ribs, of which two sizes can sometimes be 
distinguished, the larger one alternating with one or two of the smaller ones; inter- 
spaces about equal in width to the ribs. Some of the larger ribs possess granules 
near the beak, which increase in size ventrally, eventually becoming spines of con- 
siderable length. The spines curve somewhat toward the beak, and possess concave 
ventral surfaces. 

Surface of attached valve also marked by radial ribs, which, however, are con- 
spicuous only on the ventral edges of prominent concentric lamellae. Between 
these lameliae they are only very low, broad, folds. The lamellae, which begin from 
either the anterior or posterior margins, do not all extend past the center of the 
valve, ending there with a slightly sharper curve. 

Interiors of both valves marked by subequal radiating ribs. 

Remarks: This species may be distinguished from all other American forms by 
the diversity of the surface markings of the two valves. 

Univ. Micx. No. 16755 (holotype), 16756-16768. 

OccurrENcE: Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collec- 
tions J3, J6, J29, J36-41, J43. 

Genus Lima Bruguiére 


Lima shumardi Shattuck 
(Plate 2, figures 15-17) 


1903. Lima shumardi Suattucx, U.S. Geol. Surv., Bull. 205, p. 17, pl. 5, fig. 11. 


Description: This species is represented by two left valves from the Indidura 
formation of Sierra de Santa Ana, Coahuila, and one from the Indidura formation 
of Sierra de la Pefia, Coahuila. The margins of the shells are not well. preserved. 

Shell small, subrectangular-rounded, oblique, inequilateral, somewhat compressed. 
Beak incurved, acute, projecting above hinge line, posterior to center of hinge line. 
Ears of medium size, the posterior one larger than the anterior, not sharply delimited. 

DIMENSIONS OF A LEFT VALVE (PI. 2, figs. 15, 16): length 19.5 mm., height 17.9 mm., 
convexity 4 mm. 

Posterior margin rounded, anterior margin straight and parallel with the postero- 
ventral margin. 

Surface marked with at least thirty low, narrow, slightly undulatory, radial ribs 
with wide interspaces. The most anterior ribs are closely spaced, less prominent, 
and may not reach the ventral margin. Between the ribs are five or six radiating 
raised lines. Both ribs and lines are granulated, especially on the anterior end, due 
to concentric growth lines. These growth lines are most prominent at the anterior 
and posterior ends. 

Remarks: Although neither the figured type specimens from Texas nor those from 
Coahuila are perfectly preserved, the surface sculpture and the general shape and 
size permits an exact identification. 

Univ. Micu. No. 16119, 16769, 16770. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J68, K68. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J27. 

OTHER OCCURRENCES: Buda formation (?), Texas. 
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Genus Modiolus Lamarck 


Modiolus santaanaensis Jones n. sp. 


(Plate 4, figures 6-8) 


Description: The description is based on two fragmentary specimens from the 
Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell small, subelliptical, much higher than long, ventricose. Anterior margin has 
a sinus near the ventral margin; ventral margin sharply rounded; posterior margin 
gently and evenly curved. Beaks small, slightly elevated, prominent, rounded. 
Umbonal ridge runs from beak to ventral margin, becoming gradually wider. A 
depression is situated anterior and parallel to this ridge and produces a sinus in the 
shell margin. 

DIMENSIONS OF HOLOTYPE: length 32 mm., height 15.5 mm., thickness 18.7 mm. 

Surface marked by fine irregular concentric growth lines. There are no traces of 
any radial markings. 

Remarks: The species most closely resembles Modiola concentrice-costellata 
Roemer, which, however, is more compressed and possesses prominent concentric 
ribs. Furthermore, the latter species possesses a flared posterior extremity, and a 
less prominent umbonal ridge. 

Univ. Micu. No. 16771 (holotype), 16772. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
4 Sierra de Santa Ana, Coahuila; collection J68. 


Modiolus (?) sp. 
(Plate 4, figure 9) 


Description: This species is represented by seven fragmentary specimens from the 
Indidura formation of Sierra de Santa Ana, Coahuila, and one from Sierra de la 
Pejfia, Coahuila. 

Shell of moderate size, compressed. Surface marked by prominent concentric ribs. 
On one specimen these ribs can be observed to unite near the antero-ventral margin. 

Remarks: The species somewhat resembles Modiola concentrice-costellata Roemer 
from the Fredericksburg formation of Texas, but the ribs are not quite as regular. 

Univ. Micu. No. 16775-16776, 16997, 16107. 

NccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
‘Sierra de Santa Ana, Coahuila; collection J57, J68. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J8. 


Genus Homomya Agassiz 
Homomya casei Jones n. sp. E 
(Plate 4, figures 14, 18, 19) 


Description: The description is based on twelve internal casts, some of them 
showing the sculpture, from the Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell small, equivalve, inequilateral, subtrigonal in outline, only slightly ventri- 
cose, somewhat compressed posteriorly. Valves closed. Beaks narrow, incurved, 
prosogyrate, elevated, situated about 36 the length of the shell from the anterior 
extremity. 

DIMENSIONS OF HOLOTYPE: length 22.5 mm., height 18.9 mm., thickness 13.5 mm. 
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Hinge line slightly curved, a continuation of anterior and posterior margins. 
Anterior margin semicircular; ventral margin strongly curved; posterior margin 
sharply rounded at the extremity which is at midheight. Pallial line conspicuous. 

Surface marked by strong, regular growth lines; the interspaces are as wide as the 
lines. 

Remarks: The species differs from Homomya alta Roemer of the Fredericksburg 
division in its less-prominent beaks and its more sharply rounded posterior extremity. 

Univ. Micu. No. 16781 (holotype), 16782-16784, 16849. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-58, J68. 


Genus Pholadomya Sowerby 


Pholadomya toribioensis Jones n. sp. 
(Plate 4, figures 11-13) 


Description: The description is based on ten internal casts, some of them showing 
traces of the sculpture, from the Indidura formation of Sierra de Santa Ana and 
Sierra de la Pefia, Coahuila. 

Shell of moderate size, equivalve, inequilateral, subtrigonal-elongate in outline, 
moderately ventricose. Valves closed anteriorly; posterior extremity not observed. 
Beaks incurved, approximate, situated one quarter the length of the shell from the 
anterior extremity. 

DIMENSIONS OF THE HOLOTYPE: length 53 mm., height 34.4 mm., thickness 26.7 mm. 

Hinge line long. Anterior margin passes gradually into ventral margin without 
an angle; ventral margin a broad, regular curve; posterior margin sharply but evenly 
rounded, situated a little above the midheight. 

Surface marked by low, broad, closely spaced, concentric ribs which may be com- 
posite near the posterior extremity. These concentric ribs crossed by numerous 
radial markings consisting of low elongate swellings on the ribs. The radial mark- 
ings are much less conspicuous than the concentric ribs. 

Remarks: This species is characterized by its tapering posterior and its slightly 
cancellated sculpture. 

Univ. Micu. No. 16785 (holotype), 16786-16789. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J67-68. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J42. 


Pholadomya sp. 
(Plate 4, figures 15, 17) 


Description: The species is represented by three fragmentary internal casts with 
part of the shell substance adhering. 

Shell small, equivalve, inequilateral, subelliptical in outline, moderately ventricose. 
The valves are closed anteriorly; the posterior extremities are not preserved. Beaks 
low, incurved. 

DIMENSIONS OF FIGURED SPECIMEN: length (est.) 42 mm., height 27 mm., thickness 
22 mm. 

Anterior margin nearly vertical, passing by a short curve into the ventral margin, 
which is broadly arcuate. Surface marked by numerous, slightly sinuous, radial 
costae, alternating long and short on the left valve at least; the short ones do not 
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begin until one-third the height of the shell from the beak. Inconspicuous, irregular, 
lamellose growth lines crowded near the ventral margin. 

Remarks: This species resembles somewhat in sculpture the fragment of a right 
valve illustrated by Conrad as Pholadomya texana from the Fredericksburg forma- 
tion, but is much smaller than Conrad’s form. 

Univ. Micu. No. 16790, 16792, 16121. 

OccurrENcE: Members 2 and 8, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57, K71. 


Genus Arctica Schumacher 
Arctica sp. 
(Plate 5, figures 13, 15) 


Description: The genus is represented by eighteen internal casts of a single species 
from the Indidura formation of Sierra de Santa Ana, Coahuila, one of them preserv- 
ing traces of the surface markings. 

Shell of moderate size, rounded-triangular in outline, ventricose. Anterior margin 
concave; ventral and posterior margins convex. Lunule and escutcheon large and 
deep. A slight ridge extends parallel to the posterior margin of the shell at a dis- 
tance of one-quarter the length of the shell from the posterior margin. 

DIMENSIONS OF FIGURED SPECIMEN: length (est.) 40 mm., height 38 mm., thickness 
37 mm. 

Surface of shell marked by fine concentric striae. 

Univ. Micu. No. 16793-16795. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J57. 


Genus Veniella Stoliczka 
Veniella coahuilaensis Jones n. sp. 
(Plate 4, figures 10, 20; Plate 5, figure 8) 


Description: The description is based on numerous internal casts from the 
Indidura formation of Sierra de Santa Ana, Coahuila, and one from Sierra de la 
Peiia, Coahuila. 

Shell large, equivalve, inequilateral, subtrigonal, moderately ventricose. Beaks 
large, elevated, incurved, prosogyrate, close to the anterior end. A sharply defined, 
slightly curved, angular umbonal ridge extends from the beak obliquely downward 
and backward to the lower posterior extremity. Anterior border strongly curved 
and projecting in front of beak, passing gradually into the ventral border, which is 
only slightly curved. The curve between the ventral border and the posterior 
border is sharp, forming an angle of 50° to 80°, about 65° being the average. The 
posterior border meets the ridge marking the border of the escutcheon at an obtuse 
angle. 

DIMENSIONS OF HOLOTYPE: length 62 mm., height 49 mm., thickness 47 mm. 

Anterior adductor scar subtrigonal; posterior scar not observed. The pallial line 
is strongly impressed. On some specimens, especially the older ones, a broad radial 
depression extends anterior to, and parallel to, the umbonal ridge. 

Remarks: The species resembles Veniella mortoni Meek and Hayden of the 
Benton formation, but the latter species has a trapezoidal outline, the ventral margin 
paralleling the dorsal margin of the beaks, and a more obtuse angle between the 
ventral border and the posterior border. 


2 
| 
} 
; 
j 
i 
; 
: 
5 
a 
3 
# 


114 +=. S. JONES—SIERRA DE LA PENA AND THE INDIDURA FORMATION 


Univ. Micu. No. 16796 (holotype), 16797-16805, 16123. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J56-58, J62, J68-69, K123. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J38. 


Genus Remondia Gabb 


Remondia penaensis Jones n. sp. 
(Plate 4, figure 16) 


Descrirtion: The description is based on two fragmentary specimens from the 
Indidura formation of Sierra de la Pefia, Coahuila. 

Shell small, compressed, subtrigonal, almost equilateral. Beak small, rounded, 
situated in center of shell. Umbonal ridge not observed. Dorsal margins slope 
from beaks at an angle of about 73 degrees. 

DIMENSIONS OF HOLOTYPE: length 22.5 mm., height 22 mm. 

Hinge not preserved. Lunule long, with parallel sides, smooth, concave, extending 
the length of the antero-dorsal margin, almost at right angles to the surface of the 
valve. Escutcheon not preserved. 

Antero-dorsal margins straight, ventral margins regularly and slightly curved. 

Surface marked with conspicuous, narrow, sharp-topped, concentric ribs crowded 
at the beaks. These ribs begin at either the antero-dorsal or the postero-dorsal 
margins and some do not extend past the center of the valve. On the ventral slope 
of each rib are numerous regular swellings, which, on one part of one specimen, are 
continued between the concentric ribs as low broad lamellae. 

Remarks: This species most closely resembles Astarte (Stearnsia) acuminata 
Cragin, of the Weno marl, listed as Remondia by Adkins, which, however, has a 
much sharper beak and fewer and more regular round-topped concentric ribs than 
this species without any trace of radial markings, except on the dorsal part of the 
shell. 

Univ. Micu. No. 16806 (holotype), 16807. 

Occurrence: Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collec- 


tions J38-39. 
Superfamily CHAMACEA 


The top of the Aurora limestone of Sierra de la Pefia contains a number of species 
of this superfamily. Usually the massive character of the limestone prevented the 
extraction of the specimens, but at locality J45, the limestone is recrystallized by 
contact with the igneous intrusion, and some poorly preserved specimens were col- 
lected. The following forms were tentatively identified: Monopleura cfr. texana 
Roemer, Monopleura cfr. marcida White, Toucasia cfr. texana Roemer, Toucasia 
sp., Requienia sp., Caprinula (?) cfr. crassifibra (Roemer), Caprinula sp. This 
assemblage is similar to the rudistid fauna from the Edwards formation of Texas. 


Genus Sauvagesia Bayle 
Sauvagesia kellyi Jones n. sp: 
(Plate 5, figures 1, 4, 7, 11) 


Description: The description is based on numerous specimens from the Indidura 
formation of Sierra de Santa Ana, and Sierra de la Pefia, Coahuila. 

Species colonial. Lower valve of moderate size, conical. Shell fairly thick, com- 
posed of numerous horizontal, cellular laminae; cells usually five- or six-sided, some 
only four-sided; branching radial canals present. Upper surface of laminae undulat- 
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ing near external margin. External surface ornamented with about 75 rather sharp, 
longitudinal costae with V-shaped interspaces. 

Anterior siphonal band deeply excavated, usually with two low costae, somewhat 
smaller than those on the rest of the surface. Posterior siphonal band wider, 
shallower, with several costae. Between the bands are four or five regular costae. 

Upper valve slightly convex, semi-oval, the growth center being situated in the 
center of the straight margin, from which radiate distant inconspicuous striae. 

Ligament visible; on each side of it is a fold of the same size as the ligament, but 
faleate, with the point on the side toward the ligament. The posterior fold is hollow. 

DIMENSIONS OF HOLOTYPE: length 34 mm., diameter 41 mm. 

Remarks: The species is characterized externally by the great number of costae, 
internally by the peculiar folds on each side of the ligament. 

Univ. Micu. No. 16839 (holotype), 16840-16847, 16901. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Coahuila; collections J57, J67-69, K127. 

Members 2 and 3 (?) Indidura formation, Sierra de la Pefia, Coahuila; collections 
J3, J8, J33, and float. 

Genus Tapes Megerle 
Tapes gabbi 
(Plate 5, figures 5, 14) 
1869. Tapes hilgardi Gass (not SHumarp), California Geol. Surv., Paleontology, vol. 
2, p. 265, pl. 36, fig. 13. i 
1910. so Boss, Inst. Geol. México, Bol. 25, p. 134, pl. 28, figs. 16, 17; pl. 29, 
ig. 10. 

Description: This species is represented by numerous internal casts, some of them 
preserving traces of the sculpture, from the Indidura formation of Sierra de Santa 
Ana, Coahuila. 

Shell of moderate size, subelliptical, compressed, slightly inequilateral. Beaks 
small, prosogyrate, situated about 37 the length of the shell from the anterior 
extremity. 

DIMENSIONS OF FIGURED SPECIMEN: length 27 mm., height 19.5 mm., thickness 
103 mm. 

Ventral margin broadly rounded; anterior margin more sharply rounded than 
posterior margin. Lunule narrow, escutcheon not observed. Surface marked by fine 
to medium concentric lines. 

Remarks: The specimens from Sierra de Santa Ana agree well with Gabb’s figure. 
Bése’s specimens are larger and have smaller beaks. 

Univ. Micu. No. 16808-16812, 16116, 16118. 

Occurrence: Member 2, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collections J57-58, J68-69, K69, K128. 

OTHER OCCURRENCES: Vraconnian, Arivechi, Sonora. 


Class GASTROPODA 


Genus Nerinea Defrance 
Nerinea bolaensis Jones n. sp. 
(Plate 5, figures 2, 12) 


Description: The description is based on numerous specimens from the Aurora 
formation of Sierra de la Pefia, Coahuila. 
Shell small, elongate, turretted; apical angle 744 degrees; at least 18 whorls. 
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DIMENSIONS OF HOLOTYPE: maximum diameter of broken anterior end 5.5 mm. 

Two simple folds on columella, the anterior one perhaps slightly larger; one 
smaller simple fold on interior part of inner lip, and one broad bifurcated fold on 
outer lip. 

Surface of each whorl ornamented with two prominent, semi-cylindrical, revolving 
ridges situated near the sutures, so that the ridges on any one whorl are twice as far 
apart as those on adjoining whorls. Surface of shell smooth and flat between ridges. 

Remarks: This gastropod may be distinguished from other species of the genus 
by both its external markings and its internal characters. 

Univ. Micu. No. 16605 (holotype), 16606. 

Occurrence: Aurora formation, Cerro Bola, Sierra de la Pefia, Coahuila; collec- 
tion J22. 

Genus Fusus Lamarck 


Fusus kellumi Jones n. sp. 
(Plate 5, figures 3, 6, 9, 10; Plate 6, figures 4, 5) 


Description: The description is based on numerous specimens from the Indidura 
formation of Sierra de la Pefia, Coahuila. 

Shell small, rather high spired; five whorls with convex flanks; body whorl large. 
Aperture narrow; angular posteriorly, -uteriorly extended into a fairly long canal. 

DIMENSIONS OF HOLOTYPE: height 13.2 mm., diameter 6.7 mm. Apical angle 
43 degrees. 

Surface marked by straight, slightly granulated, spiral ribs. Near the posterior 
suture of each whorl is a small rib, then (anteriorly) follow three medium ribs; a 
very prominent rib is next, followed by two medium ribs; next is a fairly prominent 
rib, not quite as large as the first prominent rib, then at least five or six medium 
ribs. Only the seven posterior ribs are exposed on the spiral whorls. 

Remarks: This species is characterized by the variation in size of the ribs and the 
lack of radial folds. 

Univ. Micx. No. 16607 (holotype), 16608-11, 16613-22. 

Occurrence: Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collec- 
tions J3, J35-37, J40, J42-44. 


Class CEPHALOPODA 
Genus Turrilites Lamarck 
Turrilites sp. A. 

(Plate 6, figure 6) 


Description: The description is based on two fragmentary specimens without 
sutures from the Indidura formation of Sierra de Santa Ana, and one from the 
Indidura formation of Sierra de la Pefia, Coahuila. 

Shell small, dextral, turriculate; spiral angle about 18 degrees; exterior face of 
whorls convex. Dimensions: diameter of last volution 16 mm. 

The ornamentation consists of four spiral rows of tubercles. Three of these rows 
are similar, equally spaced, and exposed. The tubercles are small, rounded, and 
crowded so as to resemble spiral ribs. There are about 22 tubercles per volution in 
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each row. The tubercles of the fourth row, which is situated at the anterior contact 
between the whorls, are less conspicuous. 

Remarks: This species may be distinguished by its dextral coiling and the fact 
that the tubercles of each spiral row are well connected. 

Univ. Micu. No. 16816-16818. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J57. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J10. 


Turrilites sp. B. 
(Plate 6, figure 7) 


Description: The description is based on three flattened fragments without sutures 
from the Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell of medium size, sinistral, turriculate; spiral angle 21 degrees; ventral surfaces 
of whorls have three main facets. Dimensions of figured specimen: diameter of last 
volution 36 mm. 

The ornamentation consists of three spiral rows of tubercles. The tubercles of 
the posterior row are elongated vertically, beginning near the posterior border of the 
whorl. Their apices are near their anterior ends, which are at the center of the 
whorl. There are eleven of these tubercles in the last half whorl. The tubercles of 
the second row, which is near the anterior border of the whorl, are round, and not 
quite as prominent as those of the first row. They lie directly below those of the 
first row. (In the figure they appear to alternate, because of the distortion of the 
specimen.) Radial ribs, if present, are low. The tubercles of the third row are very 
low and inconspicuous; they are situated at the contact between the whorls, making 
the contact crenulated. 

Remarks: The species resembles 7’. costatus Lamarck of the Vraconnian and 
Cenomanian in the nature and arrangement of nodes, but lacks the groove between 
the first and the second rows of tubercles. Relatives of that species occur in Mexico 
in the Vraconnian and Cenomanian and in Texas in the Eagle Ford formation. 

Univ. Micu. No. 16813-16815. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J55. 

(?) Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J68. 


Genus Acanthoceras Neumayr 
Acanthoceras barcusi Jones n. sp. 
(Plate 6, figures 2, 3, 8, 9) 


Description: The description is based on a well-preserved specimen from the 
Eagle Ford formation of Texas. 

Shell of moderate size, evolute; whorl subcircular in cross section; umbilical wall 
almost vertical, umbilical shoulder rounded. Dimensions of holotype: diameter of 
shell 83 mm.; diameter of umbilicus 26 mm.; height of whorl 35 mm.; width of 
whorl 37 mm. 

Shell ornamented with prominent ribs, 27 on the venter of the last whorl. Up to 
the last half whorl the ribs are alternating long and short. The long ones begin at 
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the umbilical margin with a prominent, radially elongate node. At the ventral 
shoulder is a sharp node. The short ribs begin at the ventral shoulder with a sharp 
node. All ribs cross the venter undiminished. The ventral midline possesses a row 
of nodes not quite as strong as the other nodes and is flanked on each side by a row 
of round nodes, so that a ventral view shows five rows of nodes. Beginning at the 
last half whorl the following arrangement of ribs is observed: two long ribs, each 
bifurcating at their umbilical nodule; one long rib; one short rib; one long bifurcat- 
ing rib; a rib extending only for a short distance on either side of the ventro-lateral 
node; a rib beginning at the umbilical node and extending only to the midflank; 
two short ribs; two long ribs. The last quarter whorl is somewhat more loosely 
coiled than the preceding whorls. 

Suture: siphonal lobe long, divided by a saddle which contains a small pointed 
lobule on each side of the midline; there are three digitations on each ventral flank 
of the lobe. First lateral saddle wide, divided by a large denticulate lobule; each 
half is again divided by a smaller denticulate lobule, the one in the ventral half 
being larger than the one in the dorsal half. First lateral lobe trifid, with a lateral 
digitation on each side. Second lateral saddle trifid. Second lateral lobe situated 
on umbilical shoulder. 

Remarks: This species is placed in the genus Acanthoceras rather than Romani- 
ceras, because there are no flank nodes, although the elongate umbilical nodes extend 
for some distance on the flanks. 

Univ. Micx. No. 16543 (holotype), 16838. 

OccurrENCE: Basal Eagle Ford formation, eastern Tarrant County, Texas. 

Members 2 and 3, Indidura formation, north of Tanque Toribio, Sierra de Santa 
Ana, Coahuila; collection J68. 


Genus Romaniceras Spath 
Romaniceras (?) coahuilaense Jones n. sp. 
(Plate 6, figure 1; Plate 8, figure 5) 


Description: This description is based on the holotype from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell of moderate size, evolute; whorls broad, increasing only slightly in width. 
Umbilical wall almost vertical, umbilical shoulder rounded. Eighteen ribs on last 
whorl, passing over venter, alternating in length except on anterior part of shell, 
where only every third one reaches the umbilicus. Nine prominent nodes on each 
long rib, a midventral node, a ventral node on each side of the midventral one, a 
node on each ventro-lateral shoulder, a node on each flank, and a node on each 
umbilical shoulder. Ventral nodes longitudinally elongate, others rounded. In old 
age the umbilical and ventro-lateral nodes become more prominent than the others. 

DIMENSIONS OF HOLOTYPE: diameter of shell 146 mm., diameter of umbilicus 59 
mm., height of whorl 63 mm., width of whorl 66 mm. 

Remarks: This species is especially characterized by the relatively greater breadth 
of the younger whorls. Other specimens referred to in this species possess as many 
as 23 ribs, and the whorl may be slightly higher than broad. 

Univ. Micu. No. 16099 (holotype), 16096, 16097, 16921-16923. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-J58, J68, K71, K73, K126. 


. 
| 


SYSTEMATIC PALEONTOLOGY 


119 


TaBLe 4.—Species of the genus Romaniceras from the Indidura formation possessing 
nine nodes 


2 
tie 
Num- 3|¢4 s 5 Relative 
Species ber of Ss Ss Pa = length Characteristics of ribs and nodes 
ribs Sis of ribs 
3 | = 
A; A 
R. adkinsi 25-29 31-.32 91- .96 | Every second | Ribs prominent, continuous over 
Jones n. sp. or third rib venter. Ventral nodes elon- 
longer. gate, ventro-lateral nodes 
round, flank and umbilical 
nodes transversely elongate. 
In old age, ventro-lateral and 
flank nodes become more 
prominent. 
R. (?) coahuilaense | 18-23 .36-.38 .90- .97 | Every second | Ventral nodes elongate, other 
Jones n. sp. or third rib nodes round. In old age, 
longer. umbilical and ventro-lateral 
nodes become more promi- 
nent. 
R. indiduraense 32-39 .30-.36 1.11-1.24 | Every second | Nodes low; ventral nodes elon- 
Jones n. sp. or third rib gate, umbilical and ventro- 
longer. lateral nodes round, flank 
nodes very elongate trans- 
versely. Umbilical nodes 
most prominent. 
R. mexicanum 15-19 .31-.38 1.03-1.11 | Every second | Nodes low; ventral and ventro- 
Jones n. sp. or third rib lateral nodes elongate, other 
longer. nodes round. Midventral row 
only a series of undulations, 
other ventral nodes very low. 
R. santaanaense 28-32 .30-.34 1.01-1.18 | Every second | Nodes low; some ventral nodes 
Jones n. sp. rib longer. elongate, other nodes round. 
Umbilical and flank nodes 
most prominent. 
R. toribioense 36-44 .37-.40 .74-1.24 | Equal, or ev- | Ribs prominent, flexuous, turn- 
Jones n. sp. ery second ing sharply forward between 


rib longer. 


ventro-lateral shoulder and 
outside row of ventral nodes. 
Ventral nodes elongate, flank 
nodes very elongate trans- 
versely, other nodes round. 


Romaniceras indiduraense Jones n. sp. 
(Plate 7, figures 2-4) 


Description: This description is based on the holotype, from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 
Shell of moderate size, involute; whorls high. Thirty-nine ribs on last whorl, 
roughly alternating in length. Nine low nodes on each long rib, a midventral node, 
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a ventral node on each side of the midventral one, a node on each ventro-lateral 
shoulder, a node on each flank, and a node on each ventro-lateral shoulder. Ventral 
nodes longitudinally elongate, umbilical and ventro-lateral nodes round, flank nodes 
very elongate radially. 

DIMENSIONS OF HOLOTYPE: diameter of shell 93 mm., diameter of umbilicus 33 mm., 
height of whorl 42 mm., width of whorl 34 mm. 

Remarks: This species is especially characterized by its involute ‘nature. Other 
specimens referred to this species possess as few as 32 ribs. A specimen slightly 
larger than the type has umbilical nodes larger than the other nodes. 

Univ. Micu. No. 16925 (holotype), 16092, 16926, 16927. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J68, K71. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collection J35. 


Romaniceras kanei Jones n. sp. 
(Plate 8, figures 2, 7, 8; Plate 9, figure 6) 


Description : The description is based on a single specimen from Coahuila, locality 
and horizon unknown, donated by William G. Kane, of the Ohio-Mexico Oil Com- 
pany. 

Shell of moderate size, evolute; whorl subquadrate in cross section; umbilical wall 
almost vertical, umbilical shoulder rounded. Dimensions of holotype: diameter of 
shell 77 mm.; diameter of umbilicus 27 mm.; height of whorl 31 mm.; width of 
whorl 34 mm. 

Ribs low, crossing the venter undiminished; about 32 in the last whorl. In older 
whorls the ribs are equal. In the last half whorl they are alternately long and short. 
The long ribs begin on the umbilical shoulder with a node. There are two more 
nodes on each flank on each ventro-lateral shoulder, and three on the venter, includ- 
ing one on the midline. Thus there are eleven round nodes on each long rib, equally 
spaced and of almost equal size. The short ribs begin in the middle of the flank 
and possess one node on the flank, in line with the most ventral node on the flank 
of the long ribs. The ribs from there on are equal in size and possess the same kind 
of nodes as the long ribs. 

Suture: siphonal lobe long, divided by a deep saddle which contains a small lobule 
on each side of the midline and one on the midline; the flanks of the lobe are very 
denticulate. First lateral saddle divided by two denticulate lobules of which the 
internal one is the larger. First lateral lobe trifid and denticulate. Second lateral 
saddle divided by two denticulate lobules of which the external one is the larger. 
Second lateral lobe wide, denticulate, bifid, situated on umbilical shoulder. 

Remarks: The species resembles Romaniceras cumminsi Adkins of the Eagle 
Ford formation of western Texas in the cross section and arrangement of ribs and 
nodes, but differs in size, number of ribs and suture. The species differs from other 
members of the genus Romaniceras in the possession of two nodes instead of one on 
each flank. 

Univ. Micu. No. 16819 (holotype). 

OccurrENCE: Locality and horizon unknown; Coahuila. 


Romaniceras adkinsi Jones n. sp. 
(Plate 8, figures 4, 5) 


1931. me er wa loboense Apx1ns, Univ. Texas, Bull. 3101, p. 44, pl. 2, figs. 1, 21; 
pl. 3, fig. 5. 
Description: The description is based on a well-preserved specimen, from the 
Indidura formation, Sierra de Santa Ana, Coahuila. 
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Shell of moderate size, evolute; whorls broad. Umbilical wall vertical, umbilical 
shoulder rounded. About 25 ribs on last whorl, alternating in length, passing over 
venter. Nine low nodes on each rib, a midventral one, a ventral node on each side 
of the ventral one, a ventro-lateral node on each shoulder, a node on each flank, 
and a node on each umbilical shoulder. Ventral nodes longitudinally elongated, 
ventro-lateral nodes round, flank and umbilical nodes transversely elongated. 

DIMENSIONS OF TYPE: diameter of shell 163 mm., diameter of umbilicus 50 mm., 
height of whorl 71 mm., width of whorl 76 mm. 

Remarks: The species is characterized by the fact that the ribs are prominent 
and continuous, and the nodes are relatively inconspicuous. In a larger specimen 
referred to this species the ventral nodes have become very low, and the other nodes 
have increased in prominence. 

Unvv. No. 16913 (holotype), 16914-15. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-58, J68. 


Romaniceras mexicanum Jones n. sp. 
(Plate 7, figures 1, 6) 


Description: The description is based on the holotype from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell large, evolute; whorls high. Umbilical wall vertical, ventral shoulder 
rounded. Nineteen very low ribs on last whorl, equal or alternating in length. Nine 
low nodes on each rib, one on the ventral midline, a ventral node on each side of 
the midline, a node on each ventro-lateral shoulder, a node on each flank, and a 
node on each umbilical shoulder. All nodes rather low; those on venter and ventro- 
lateral shoulders longitudinally elongate, other nodes round; midventral row only 
an undulatory ridge, other ventral nodes low. 

DIMENSIONS OF HOLOTYPE: diameter of shell 142 mm., diameter of umbilicus 58 
mm., height of whorl 89 mm., width of whorl 82 mm. 

Remarks: This species is especially characterized by the elongate, ventro-lateral 
nodes, the reduction of the ventral nodes, and the very low ribs. Other specimens 
referred to this species have only 15 ribs. 

Univ. Micu. No. 16928 (holotype), 16098, 16929-16931. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-58, J68, K70. 


Romaniceras santaanaense Jones n. sp. 


(Plate 8, figures 1, 6) 


Description: The description is based on the holotype from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell of moderate size, rather evolute; whorls high. Thirty-two ribs of alternate 
lengths on last whorl, continuous over venter. Nine nodes on each rib, a node on 
the ventral midline, a ventral node on each side of the midline, a node on each 
ventro-lateral shoulder, a node on each flank, and a node on each umbilical shoulder. 
All nodes rather low, round; umbilical and flank nodes most prominent. 

DIMENSIONS OF HOLOTYPE: diameter of shell 135 mm., diameter of umbilicus 42 
mm., height of whorl 65 mm., width of whorl 55 mm. 

Remarks: This species is especially characterized by the great height of the whorl 
and the prominence of the umbilical and flank nodes. Other specimens referred to 
this species have less ribs and lower whorls. 
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Univ. Micu. No. 16933 (holotype), 16996, 16934, 16935. 
Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-58, J68, K71. 


Romaniceras toribioense Jones n. sp. 
(Plate 7, figures 7, 8) 


Description: This description is based on the type specimen from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell small, evolute; whorls as high as broad. About 36 prominent ribs per whorl, 
every second or third one longer. Nine nodes on each rib, one on the ventral mid- 
line, a ventral node on each side of the midline, a node on each ventro-lateral 
shoulder, a node on each flank, and a node on each umbilical shoulder. The ventral 
nodes are slightly longitudinally elongate; the others are round, except the flank 
nodes, which are very elongate radially. The ribs are slightly flexuous between the 
umbilicus and the ventro-lateral shoulder, then bend sharply forward to the outside 
row of ventral nodes. The central row of nodes is slightly in advance of the outside 
rows of ventral nodes. 

DIMENSIONS OF HOLOTYPE: height of whorl 19.5 mm., breadth of whorl 19.5 mm. 

Remarks: This species is especially characterized by the flexuosity of the ribs. 

Univ. Micu. No. 16918 (holotype), 16919, 16920. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J68. 

Member 2, Indidura formation, Sierra de la Pefia; collection J41. 


Romaniceras sp. indet. 


Description: Numerous specimens from the Indidura formation of Sierra de 
Santa Ana and Sierra de la Pefia, Coahuila, appear to belong to this genus. They 
all possess a more or less quadrate cross section and nine rows of nodes, one on the 
midline, one on each side of the midline, one on each ventro-lateral shoulder, one 
on each flank and one on each umbilical shoulder. Some of them preserve sutures, 
which are typical of the genus. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J56-58, J68-69, K66, K71, K73, K124, 


K127-128. 
Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J1, J37, 


J39-41. 
Genus Stoliczkaia Neumayr 


Stoliczkaia (?) sp. A. 
(Plate 9, figures 4, 5) 


Description: The description is based on a part of a whorl from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell of moderate size; whorl higher than broad, semi-elliptical in cross section; 
umbilical wall almost vertical, umbilical shoulder rounded. Dimensions: height of 
whorl 33 mm.; width of whorl 19.5 mm. 

Ribs numerous (about 50 on a whorl), narrow, with narrow, concave interspaces, 
passing continuously over the venter. On the umbilical shoulder are prominent 
nodes, from which rise usually two ribs with a shorter third one between each pair, 


SYSTEMATIC PALEONTOLOGY 123 


some nearer one pair, appearing to form the third rib arising from a single nodule. 

Suture not observed. 

Remarks: The general shape of the specimen resembles Mantelliceras sp. A, and 
it might possibly be an extremely old specimen which has lost the ventral and 
ventro-lateral tubercles. The arrangement of ribs is also somewhat similar to that 
of Stoliczkaia adkinsi Bése, but the ribs are narrower, more prominent, and more 
numerous. 

Univ. Micu. No. 16820. 

OccurrENce: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J60. 


Stoliczkaia (?) sp. indet. 


Description: Three specimens from the Indidura formation of Sierra de Santa 
Ana, Coahuila, appear to belong to this genus. They possess equal or alternating 
ribs passing uninterruptedly over a rounded venter. There are no signs of any 
nodes on the shells. 

Univ. Micx. No. 16998. 

Occurrence: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J64. 


Genus Pseudotissotia Peron 
Pseudotissotia (?) coahuilaensis Jones n. sp. 
(Plate 9, figures 1, 3, 8) 


Description: The description is based on one well-preserved specimen from 
Coahuila, locality and horizon unknown, donated by William G. Kane, of the Ohio- 
Mexico Oil Company. 

Shell of medium size, moderately broad, involute; venter broad, slightly concave; 
no keel; ventral shoulders square; flanks slightly convex. Dimensions of holotype: 
diameter of shell 89 mm.; diameter of umbilicus 9 mm.; height of whorl 29 mm.; 
width of whorl 38 mm. 

The flanks are ornamented only by very low, distant, broad folds. The venter is 
crossed by numerous more prominent folds, about 20 on the last whorl. 

Suture: siphonal lobe long, with a simple, deep, siphonal saddle and three small 
digitations on each side. First lateral saddle divided by a trifid lobule; the ventral 
half is trifid; the dorsal half is bifid and each half is also bifid. First lateral lobe 
narrow, trifid at crest; on each side are several digitations, more prominent on the 
ventral side. Second and third lateral saddles bifid, each half divided by a small 
lobule. Second lateral lobe bifid at crest, with a small digitation on each side. Third 
lateral lobe deeply bifid. 

Remarks: In spite of the absence of a keel, the species may belong to the genus 
Pseudotissotia on account of the character of the venter and the suture. In general 
outline the species somewhat resembles P. (?) n. sp. Adkins® and P. (?) kelly: 
Jones. The first lobe is much narrower than in P. (?) kellyi and the ventral ribs 
much more prominent. The species is closer to P. (?) n. sp. Adkins, but the suture 
is more denticulate, and the saddles do not become trifid. 

Univ. Micu. No. 16822 (holotype). 

OccurrENcE: Locality and horizon unknown; Coahuila. 


18 W. 8. Adkins: Op. cit., 1931, p. 58. 
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Pseudotissotia (?) kellyi Jones n. sp. 
(Plate 8, figure 3; Plate 9, figures 2, 7; Plate 10, figure 9) 


Description: The description is based on six internal casts from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell of medium size, involute, moderately broad; venter broad, slightly concave; 
no keel; ventral shoulders sharp; flanks slightly convex. 

DIMENSIONS OF HOLOTYPE: diameter of shell 81 mm., diameter of umbilicus 6 mm., 
height of whorl 29 mm., width of whorl 40 mm. 

Adults possess only very low, distant, broad folds on the flanks. Young possess 
elongate nodes on the ventral shoulders, connected across the venter by very low 
folds. 

Suture: first lateral saddle broad, asymmetrically divided by a bifid digitate 
lobule; ventral half larger, divided by a smaller digitate lobule and at least one 
small pointed lobule; dorsal half divided only by two small pointed lobules. First 
lobe trifid at crest and possessing numerous small digitations on the flanks. Second 
and third lateral saddles trifid. Second and third lateral lobes bifid at crest with a 
lateral digitation on each flank. 

Remarks: In spite of the absence of a keel, even in immature specimens, the 
species may belong to the genus Pseudotissotia on account of the character of the 
venter and the suture. In general outline the species somewhat resembles Pseu- 
dotissotia (7?) n. sp. Adkins (1931, p. 58) and P. (?) coahuilaensis Jones, but the 
lobes are more denticulate than those of Adkins’ species and broader than those of 
P. (?) coahuilaensis. 

Univ. Micx. No. 16823 (holotype), 16824-16826, 16917. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J53, J57-58. 


Pseudotissotia (?) sp. A. 
(Plate 11, figures 4-6) 


Description: The description is based on one much-weathered specimen from the 
Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell small, involute, extremely gibbous; venter broad; concave, with sharp 
shoulders; keel very low or absent; flanks slightly convex. Umbilicus deep; wall 
vertical, rounded above. Dimensions: diameter of shell 40 mm.; diameter of 
umbilicus 4 mm.; height of whorl 18.5 mm.; width of whorl 28.5 mm. 

The suture is poorly preserved, entirely lacking on the venter. Four saddles and 
five lobes are present on the flanks. The first lateral lobe is trifid with a large 
digitation on each side near the crest and a small one near the base. The second 
lateral saddle is equal in width to the first lateral lobe; it is asymmetrically bifid, 
the lobule being situated near the ventral side. The second lateral lobe is similar 
to the first, but smaller. The third lateral lobe is trifid, the ventral third being 
smallest and the dorsal third largest. The third and fourth lobes and the fourth 
and fifth saddles are exposed near the end of the last whorl. 

Remarks: This species most nearly resembles in suture P. (?) n. sp. Adkins (1931, 
p. 58) from the Eagle Ford of western Texas, but is more gibbous, possesses more 
saddles and lobes, and the trifid character of the saddles begins in the third instead 
of the fourth saddle. 

Univ. Micu. No. 16821 (holotype). 

OccurreNcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J50. 


3 
pe 
: 
i 


SYSTEMATIC PALEONTOLOGY 125 


Genus Coilopoceras Hyatt 
Coilopoceras indiduraense Jones n. sp. 
(Plate 11, figure 11) 


Description: The description is based on the type specimen and three others of 
different stages of maturity from the Indidura formation of Sierra de Santa Ana, 
Coahuila. 

Shell large, discoidal, involute. Venter sharp. Surface of shell with distinct, low, 
radial swellirss, five on the last whorl. Dimensions: diameter of shell (est.) 220 mm. 

Suture of type: siphonal lobe broad, divided by a shallow saddle which contains 
a bifid lobule on each side of the midline; the inner lobules of the lobe are denticu- 
late. A trifid marginal saddle is on the ver‘ral side of the lobe. The first lateral 
saddle is divided by two bifid lobules. The first lateral lobe possesses five denticu- 
late lobules which increase in spacing, size, and complexity dorsally; the dorsalmost 
lobule is deeply bifid, and the ventral part of this lobule is again bifid. None of the 
subordinate saddles of the first lateral saddle and lobe is divided. The ventral flank 
of the first lateral lobe is denticulate. The second lateral saddle is divided by a 
bifid lobule; the dorsal half is again divided by a single small r lobule. Second, 
third, fourth, and fifth lobes are denticulate. Third lateral saddie asymmetrically 
trifid. Fourth and fifth lateral saddles bifid. 

Remarks: A larger specimen tentatively referred to the same species possesses a 
somewhat more denticulate suture, especially in the subordinate saddles of the first 
lateral lobe. 

Univ. Micu. No. 16902 (holotype), 16903-16904. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57, J58, J62, K71. 


Coilopoceras sp. A. 
(Plate 11, figure 10) 


Description: The description is based on one specimen from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell very large, discoidal, involute. Venter sharp. Flanks ornamented with 
distant, low, radial swellings. Dimensions: diameter of shell 520 mm. 

Suture: Dorsal side of first lateral lobe digitate. Second lateral saddle very wide, 
containing three prominent denticulate lobules, of which the most dorsal one is 
bifid. Second lateral lobe small, denticulate. Third lateral saddle bifid, each half 
being divided again by a smaller lobule. Third lateral lobe roughly trifid. Fourth 
lateral saddle divided by a small trifid lobule. 

Univ. Micu. No. 16905. 

OccurrENCcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J57. 


Coilopoceras sp. B. 
(Plate 11, figure 3) 


Description: The description is based on two specimens from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell of moderate size, discoidal. Venter sharp. Dimensions: diameter of shell 
(est.) 150 mm. 

Suture: siphonal lobe divided by saddle which contains a broad lobule on the 
midline; each side of the lobe is trifid. First lateral saddle trifid, the dorsal third 
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being the largest and divided again by two smaller lobules. First lateral lobe trifid; 
the ventral and dorsal thirds are bifid; the lobules and small saddles are all 
denticulate; on the dorsal flank of the lobe is a large digitation. Second lateral 
saddle bifid, each half being divided again by a small lobule. Second lateral lobe 
denticulate. 

Univ. No. 16906, 16916. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J58, J68. 


Coilopoceras sp. C. 
(Plate 11, figure 12) 


Description: The description is based on one specimen from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Shell large, discoidal, involute. Flanks smooth. Dimensions: diameter of shell 
(est.) 300 mm. 

Suture: first lateral lobe trifid, the smaller saddles and lobules denticulate; the 
dorsal third is bifid. Second lateral saddle divided by three pointed lobules, the 
middle one being slightly larger than the other two. Second, third, fourth, and 
fifth lateral lobes similar and denticulate. Third lateral saddle bifid, each half being 
divided again by a small lobule. Fourth and fifth lateral saddles asymmetrically 
trifid, the dorsal third being the largest. Sixth lateral saddle trifid. Sixth lateral 
lobe and seventh lateral saddle also present on the flanks. 

Univ. Micu. No. 16907. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Tor io 
Sierra de Santa Ans, Coahuila; collection J68. 


Coilopoceras sp. ind. 
(Plate 12, figures 1, 2) 


Description: The genus is represented by numerous specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. Most of these are too poor for identi- 
fication or description. They are all discoidal with sharp venters, and typical sutures 
of the genus—i. e., wide, complex first lateral lobes. 


Univ. Micu. No. 16908. 
Occurrence: Members 2 and 3, Indidura formation north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57-58, J62, J68-69, K66, K70, K71. 


Genus Mantelliceras Hyatt 
Mantelliceras sp. A 
(Plate 10, figures 4, 5) 


Description: The description is based on one cast from the Indidura formation of 
Sierra de Santa Ana, Coahuila. 

Shell rather small, slightly involute; flanks compressed; whorl much higher than 
broad; umbilical wall not vertical. Venter narrow, with three facets. 

Dimensions: Diameter of shell 58 mm.; diameter of umbilicus 19 mm.; height of 
whorl 24 mm.; width of whorl 12 mm. 

There are 40 ribs on the venter of the last whorl. In the posterior half of the last 
whorl the ribs begin on the umbilical wall and bifurcate at a node on the umbilical 
shoulder. In the anterior half of the last whorl, shorter ribs may be intercalated 
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between the long ones, or a single long one may rise from an umbilical node. All 
ribs pass over the venter undiminished. There is a row of nodes at the connection 
of the flank with the venter, and a third row at the side of the venter, making six 
rows of nodes on the whole shell. 

Suture not observed. 

Remarks: This species differs from others of the genus in its more compressed 
form, greater number of ribs, and by the fact that two ribs start from a single 
umbilical nodule. Although this last is also true of M. laticlavium Sharpe var. 
mexicanum Bose, that species possesses eight rows of nodes, in addition to being less 
compressed. 

Univ. Micx. No. 16827. 

OccurRENCE: Member 1, Indidura formation, north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collection J70. 


Mantelliceras sp. ind. 


Description: Three poorly preserved specimens from the Indidura formation of 
Sierra de Santa Ana, Coahuila, appear to belong to this genus. They are compressed, 
and possess alternating ribs. Each rib possesses an umbilical node, a lateral node, 
and a ventro-lateral node on each side. There are no nodes on the midline. 

Univ. Micu. No. 16999, 17000. 

OccurrENcE: Member 1, Indidura formation north of Tanque Toribio, Sierra de 
Santa Ana, Coahuila; collections J64-65. 


Genus Metoicoceras Hyatt 
Metoicoceras bdset Jones n. sp. 
(Plate 10, figures 1-3) 


1918. Metoecoceras sp. nov. Bésg, Univ. Texas, Bull. 1856, p. 205, pl. 12, figs. 1-3. 


Description: Five specimens from the Indidura formation of Sierra de la Pefia 
agree closely with Bése’s description. 

The specimens from Sierra de Ja Pefia have 27 ribs in the last whorl. 

The angulation of the ribs takes place on each rib at a low ventro-lateral node. 

To Bése’s description may also be added an account of the suture. Siphonal lobe 
short; the saddle contains a pir of simple lobules near the midline; one digitation 
on either flank of the lobe. First lateral saddle bifid, the ventral half divided by 
a single lobule, and the dorsal half by two lobules. First lateral lobe bifid at crest 
with a smaller digitation on the flank. Second lateral saddle not well preserved, 
apparently very asymmetrically bifid. Second lateral lobe denticulate. Third lateral 
lobe bifid. 

DIMENSIONS OF HOLOTYPE: diameter of shell 89 mm., diameter of umbilicus 16 
mm., height of whorl 34 mm., width of whorl 30 mm. 

Remarks: Bése remarks that the species differs from M. whitet Hyatt in its more 
flexuous ribs. It also possesses more prominent umbilical nodes, and some of the 
ribs bifurecate. Bése remarks that the species differs from M. swallowi (Shumard) 
in the more flexuous ribs. The ventral nodes are also more elongate and the ribs 
bifuricate. The suture is not radically different from that of either species. The 
ventro-lateral nodes, not mentioned by Bése, are low and were undoubtedly missed 
because of the poor preservation of his material. This row of nodes is characteristic 
of the genus, and seems to show on Bése’s illustrations. 

Univ. Micu. No. 16828 (holotype), 16829-16831. 
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OccurreNce: Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collec- 
tions J3, J10-11, J42. 

OTHER occuRRENCES: Horizon 1, Upper Cenomanian (?), Cerro del Macho, 
Hacienda del Mohévano, Coahuila. 


Genus Prionotropis Meek 
Prionotropis sp. (Moreman) 
(Plate 11, figures 7-9) 


1927. Gauthiericeras aff. bravaisi MoreMAN, Jour. Paleont., vol. 1, no. 1, p. 96, pl. 14, 


fig. 2. 
1928. Prionotropis sp. 2 aff. Gauthiericeras bravaisi MoreMan, not (d’Orbigny) 


Adkins, Univ. Texas, Bull. 2838, p. 250. 

Description: The description is based on two specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell small, evolute; whorl subrectangular, higher than wide in cross section. 
Keel serrate, the serrations corrsponding to the ribs. Dimensions of figured speci- 
men: diameter of shell 22 mm.; height of whorl 8.5 mm.: width of whorl 6 mm. 

Ribs fairly prominent, flexuous, not quite equal in width to the interspaces. 
Some ribs begin at the umbilical border and bifurcate one-quarter of the distance 
from that border. One or two ribs of shorter or equal length are intercalated 
between the bifurcating ribs. On the ventral half of the flank all ribs are of equal 
size and equidistant, about 42 to a whorl. There are four rows of tubercles on the 
ribs, one on each flank near the ventral margin, where the ribs turn slightly forward, 
and another row at each ventro-lateral shoulder. The tubercles of the latter row are 
longitudinally elongated; they mark the ends of the ribs. 

Remarks: The specimens are probably young individuals, but fit the figure and 
remarks of Moreman and the description of Adkins. 

Univ. Micu. No. 16835, 16837. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57, J68. 

Oruer Occurrences: Eagle Ford formation, Texas. 


Prionotropis sp. A. 
(Plate 11, figures 1, 2) 


Description: The description is based on one specimen without sutures from the 
Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell small, evolute, whorl subrectangular in cross section. Keel serrate, the 
serrations corresponding to the ribs. Dimensions: diameter of shell 169 mm.; 
diameter of umbilicus 6 mm.; height of whorl 6.1 mm.; width of whorl 5.5 mm. 

Ribs prominent, flexuous, equal in width to the interspaces. Some begin at the 
umbilical border and bifurcate one quarter of the distance from that border. The 
bifurcating ribs usually alternate with one, or two, shorter ribs which begin at about 
the point of bifurcation of the other ribs. From that point to the ventral margin 
all ribs are of equal size and equidistant, about 50 to a whorl. At the ventral 
margin the ribs turn sharply forward and reach almost to the keel. At the angu- 
lation on each rib is a small, round or slightly longitudinally elongate node. 

Remarks: The specimen is probably a young individual, but cannot be definitely 
identified with any described young or adult. 

Univ. Micu. No. 16834. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J58. 
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Prionotropis sp. B 
(Plate iJ, figures 6-8) 


Description: The description is based on two specimens, one of which preserves 
the suture, from the Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell of medium size, evolute; whorl subrectangular in cross section; umbilical 
wall vertical. Keel prominent, serrate. Dimensions of figured specimen: diameter 
of shell 50 mm.; diameter of umbilicus 16.5 mm.; height of whorl 19.5 mm.; width 
of whorl 13 mm. 

The ornamentation consists of about 30 main ribs on the last whorl. The ribs 
begin at the umbilicus and are slightly flexuous. On each flank near the ventral 
margin is a row of prominent nodes, which seem to be the bases of broken spines. 
On each ventro-lateral shoulder is another similar row of nodes. The ribs on the 
venter are only slight swellings, directed forward. Between some of the main ribs 
are single, very fine, indistinct ribs. 

The suture is only moderately dissected for the genus. The first lateral saddle is 
divided by a lobule which is bifid at the crest and has a lateral digitation on each 
side. There is at least one digitation in the ventral half of the saddle, and two in 
the dorsal half. The first lateral lobe is bifid at the crest and has five or six lateral 
digitations on each side. The second lateral saddle has only one small pointed 
lobule. Only half of the second lateral saddle is visible on the flank. 

Remarks: This ammonite has features in common with both Prionotropis wool- 
gart Mantell and Prionotropis hyatti Stanton, and is probably closely related to the 
former. 

Univ. Micu. No. 16832, 16833. 

OccurrENCE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collection J57. 


Prionotropis sp. C 
(Plate 11, figures 13, 14) 


Description: The description is based on one specimen without sutures from the 
Indidura formation of Sierra de Santa Ana, Coahuila. 

Shell small, evolute; whorl subelliptical in cross section. Keel probably serrate. 
Dimensions of figured specimen: diameter of shell 31 mm.; height of whorl 15 mm.; 
width of whorl 8 mm. 

Ribs fairly prominent, about 48 to a whorl. Ribs irregular; one or two finer ones 
of normal length, or shorter ones of normal prominence may be intercalated between 
long prominent ribs which begin at the umbilicus. On the most prominent ribs, 
and to some extent on the finer ones, may be distinguished two rows of tubercies 
on each side. One row is situated on the flank, near the shoulder, at the sharpest 
angulation of the ribs. The other row is situated on the ventro-lateral shoulder. 
The ribs continue, directed forward, on the ventral surface, almost to the keel. 

Remarks: This species differs from Gauthiericeras aff. bravaisi Moreman in the 
unequal strength of its ribs. The species is evidently related to Prionotropis sp. A 
and sp. B, and may possibly represent a more mature stage of one of those forms. 

Univ. Micu. No. 16836. 

OccurrENCE: Indidura formation, north of Tanque Toribio, Sierra de Santa Ana, 
Coahuila; collection J50. 
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Phylum ECHINODERMATA 
Class ECHINOIDEA 
Genus Tetragramma 
Tetragramma béset Jones n. sp. 
(Plate 12, figures 6, 7) 
1910. tezxanum Boss, Inst. Geol. México, Bol. 25, 


9 3 34, figs. 4-8 36, figs. 1, 2; not "Roemer 1852 Kreidebildungen, 
pi. 10 5 or 6. 


Description: The description is based on one specimen from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. 

Test of moderate size, subpentagonal, flattened. Dimensions of holotype: 
diameter 30.5 mm.; height 13.3 mm. 

Ambulacra possess two rows of primary tubercles which are crenulated, perforated, 
and mammillated, and surrounded by areolas. Granules are interspersed between 
the areolas. Pores biserial near apical system, uniserial at ambitus. 

Interambulacra twice the width of the ambulacra, with four rows of tubercles, 
similar to those of the ambulacra, also surrounded by granules. 

Peristome and periproct not observed. 

Remarks: The specimen is slightly flatter and more pentagonal than Bése’s speci- 
mens. Bése’s figures do not show whether or not the pore pairs become uniserial at 
the ambitus. He does not state that the tubercles are perforated, but since he places 
it in the genus Pseudodiadema, that fact is assumed. 

Bése identified his specimens with Pseudodiadema (Diplopodia) texanum 
(Roemer). Roemer’s figure 5, labelled Diadema texanum and listed by Desor, Meek, 
Cragin, Clark, and Hill, as Pseudodiadema, now called Polydiadema texana by 
Adkins, possesses perforate tubercles, but only two rows of tubercles in each inter- 
ambulacral area, hence is not Bése’s species. 

Roemer’s figure 6, labelled Cyphosoma texanum, and previously: called by him 
Diadema texanum, although not confused with his other species, was later listed by 
Clark as Pseudodiadema, subsequently by Clark and also by Cragin as Diplopodia, 
but is really a true Phymosoma (Cyphosoma). It possesses four rows of tubercles 
in the interambulacra, but all tubercles are imperforate, although the ambulacral 
tubercles are figured by Clark as being perforate. Hence, Bése’s specimens do not 
even belong to the same genus as that species. 

The species is not typical of the genus because the pore pairs become uniserial at 
the ambitus instead of near the peristome. 

Univ. Micu. No. 16623 (holotype). 

OccurrEeNceE: Indidura formation, north of Tanque Toribio, Sierra de Santa Ana, 
Coahuila; collection J50. 

OrHeER occuRRENCES: Vraconnian, Arivechi, Sonora. 


Genus Phymosoma Archiac and Haime 
Phymosoma sp. aff. mexicanum Bése 
(Plate 12, figures 3-5) 


1910. oo mexicanum Boss, Inst. Geol. México, Bol. 25, p. 158, pl. 33, figs. 
0; pl. 34, fig. 3; pl. 35, figs. 1-3, 7, 8. 

1928. Sigeaiede mexicanum ADKINS, Univ. Texas, Bull. 2838, p. 279. 

1933. Phymosoma mexicanum SMIsER, "Jour. Paleont., vol. 7, no. o p. 144, pl. 19, figs. 
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Description: This species is represented by eight specimens from the Indidura 
formation of Sierra de Santa Ana, and Sierra de la Pefia, Coahuila. 

Test rather small, subpentagonal, flattened below, elevated above. Dimensions of 
figured specimen: diameter 25.2 mm.; height 13 mm. 

Ambulacra raised, especially on dorsal surface, possessing two rows of primary 
tubercles, mammillated, crenulated, and imperforate. Pores biserial near apical sys- 
tem, alternating on upper surface, but uniserial on the flanks. Pores crowded at 
peristome. 

Interambulacra possess two rows of primary tubercles at the apex, but ihe 
tubercles appear and increase in size toward the ambitus, so that at the ambitus 
there may be said to be at least eight rows of tubercles, although the original row 
on each plate, now the third one from the pore belt, remains the largest. Smaller 
granules are interspersed over the plates. 

Remarks: The species differs from P. mexicanum in that the tubercles are more 
irregular in size and distribution, instead of being arranged in two main rows. 

Univ. Micu. No. 16624-16629. 

OccurrRENCE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J57, J68. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J33, 
J37, 543. 

OTHER OccURRENCES: Subdivision 5, Upper Albian, Cerro de Muleros, Chihuahua. 


Phymosoma volanum (Cragin) 
(Plate 13, figures 2-4) 


1893. Cyphosoma volanum Cractn, Texas Geol. Surv., Ann. Rept. 4, pt. 2, p. 147. 
1915. Cyphosoma volanum CuarK, U. 8. Geol. Surv., Mon. 54, p. 61, pl. 21, figs. 


3. 
1927. Phymosoma volanum Lampbsrt, Soc. Geol. France, vol. 26, fasc. 3-5, p. 268. 
1928. Phymosoma volanum ApKINs, ‘Univ. Texas, Bull. 2838, p. 279. 
1933. oe volanum Smismr, Jour. Paleont., vol. 7, ab 2, p. 145, pl. 19, figs. 

Description: This species is represented by four specimens from the Indidura 
formation of Sierra de Santa Ana, Coahuila. 

Shell small, flat, subpentagonal. Dimensions of figured specimen: diameter 145 
mm.; height 5.4 mm. 

Ambulacra possess two rows of primary tubercles, which are large, crenulate, 
mammillate, and imperforate. Numerous granules are between the tubercles. Pores 
uniserial, although crowded near the apical system and peristome. Interambulacra 
possess two rows of primary tubercles slightly larger than those of the ambulacra, 
but otherwise similar; numerous much-smaller tubercles and granules surround the 
primary tubercles; the largest of these are situated in the upper external border of 
each plate, and the next largest in the lower external corner, giving the appearance 
of a secondary row of tubercles bordering the pore belt. 

Peristome large, with ten small incisions. 

Remarks: The specimens agree well with the descriptions of Cragin and Lambert, 
but not with figure 2a of Clark or the figures and descriptions of Smiser; the latter 
two authors have depicted secondary tubercles as large as the primary ones in the 
interambulacral areas. 

Univ. No. 16630-16632, 15869. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J56, J68, K71. 

OTHER occuRRENCES: Denison group, Denton County, Texas. 
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Genus Goniopygus Zittel 
Goniopygus bolaensis Jones n. sp. 
(Plate 13, figures 5, 6, 8) 


Description: The description is based on two poorly preserved specimens from 
the Aurora formation of Sierra de la Pefia, Coahuila. 

Shell small, semi-globose ; upper surface somewhat elevated, lower surface slightly 
concave. Diameter of type specimen: 11.6 mm. 

Ambulacra gradually widen from apical disk to ambitus; they possess two alter- 
nating rows of progressively larger tubercles, about seven in each row between the 
disk and the ambitus. Pores uniserial, alternating, round to slightly elongate at 
right angles to the length of the area. 

Interambulacra also widen from disk to ambitus; they contain two rows of mam- 
millate, imperforate tubercles, slightly larger than those of the ambulacra, and also 
granules on each plate. 

Apical system large, elevated, consisting of five ocular and five genital plates. 
Periproct subpolygonal, situated near posterior side, making posterior plates of the 
disk smaller than the anterior plates. Genital plates seven-sided; internal side 
slightly curved, two external sides curved, coming to a point which extends only 
slightly beyond the general outline of the disk. Ocular plates do not reach periproct; 
they possess five sides, the longest of which is the concave external edge. Plates 
of apical system make non-punctate contacts with each other, and bear no ornamen- 
tation of any kind. Peristome not observed. 

Remarks: G. zitteli Clark of the Edwards formation of Texas is much larger and 
possesses elongate equal genital plates tuberculated on the inner edge, and more 
tubercles per row. 

Univ. Micu. No. 16633 (holotype), 16634. 

Occurrence: Aurora formation, Cerro Bola, Sierra de la Pefia, Coahuila; collec- 
tion J22. 

Genus Holectypus Desor 


Holectypus sp. aff. castillot Cotteau 
(Plate 12, figures 8, 9; Plate 13, figure 7) 
1890. Holectypus castillot Correav, Soc. Geol. France, 3rd ser., vol. 18, p. 295, pl. 1, 


figs. 1-8. 
1933. Helesingue castillot SmisEr, Jour. Paleont., vol. 7, no. 2, p. 148, pl. 20, fig. 5. 

Descrrtion: An echinoid from the Aurora limestone of Sierra de la Peifia, 
Coahuila, appears to be closely related to those described by Cotteau and Smiser. 

Test subpentagonal, subconical; ambitus sharply rounded; dorsal surface very 
slightly tumid; ventral surface flat, depressed around peristome. Dimensions of 
figured specimen: diameter 64 mm., height 26 mm. 

Ambulacra narrow, straight, widest at ambitus. Poriferous zones narrow; pores 
uniserial, small and circular near the apical system, becoming slightly elliptical 
midway toward the ambitus, except in the anterior ambulacrum, in which near the 
ambitus the interior pore of each pair is quite elongated, becoming round again on 
the ventral surface. The interambulacra are about three times as wide as the 
ambulacra at the ambitus, possessing about 16 rows of tubercles there. Apical sys- 
tem small, with large round genital pores. 

The peristome is small. The periproct is located in the outer half of the radius; 
it is small, elliptical, having a length more than twice as great as the width, and is 
slightly rounded at the ends. 
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Remarks: The specimen does not agree perfectly with Cotteau’s figures of H. 
castillot. The ambitus is somewhat sharper and the dorsal surface less tumid. The 
periproct seems a trifle more rounded at the ends. These differences may be due 
to the imperfect state of preservation. However, in Cotteau’s specimen the pores 
of the anterior ambulacrum are all almost circular; in the specimen from Sierra de 
la Pefia the interior pores of each pair are elongate near the ambitus. 

Smiser has described H. castillot from the upper Georgetown of Texas. In his 
figure of a portion of an ambulacrum the interior pore of each pair is elongate, 
twice the size of the exterior pore, and forms an angle of about 50 degrees with the 
length of the ambulacral plate. Therefore, Smiser’s specimen may not be identical 
with Cotteau’s specimen. 

Univ. Micu. No. 16644. 

OccurrRENcE: Aurora formation, Sierra de la Pefia, Cuahuila; collection J28. 

OTHER occURRENCES: Jalpa, Jalisco (Zacatecas?) ; C-eorgetown formation, Texas. 


Holectypus parvus Jones n. sp. 
(Plate 13, figures 1, 9, 10) 


Description: The description is based on 25 specimens from the Indidura forma- 
tion of Sierra de Santa Ana, and Sierra de la Pefia, Coahuila. 

Shell small, subpentagonal in outline, semiglobular, somewhat rounded on oral 
surface, abruptly concave in region of peristome, ambitus rounded. 

Ambulacra straight, wide, increasiug in width from the apex to the ambitus, then 
decreasing to the peristome. Pores small, uniserial, round to slightly elliptical, each 
pair set obliquely. Interambulacra about twice the width of the ambulacra at the 
ambitus. 

There are four to six rows of tubercles in the ambulacra at the ambitus, decreas- 
ing to two at the apex and the peristome. There are eight to ten rows of tubercles 
in the interambulacra at the ambitus, of which the central rows of each plate con- 
tain the largest tubercles. The tubercles of both areas are about the same size, 
largest at the ambitus, decreasing in size somewhat toward the peristome, and very 
much so toward the apex. The tubercles are perforate and mammillate, with 
crenulate bosses, surrounded by areolas. Granules are interspersed between the 
areolas. 

Apical system of moderate size, elevated, consisting of five large perforate genital 
plates, one of them containing the large madreporite, all in contact, and five perforate 
oculars. 

Peristome small, with ten incisions. Periproct small (36 of radius), oval, rounded 
at inner end, pointed at outer end, situated midway between peristome and outer 
border. 

DIMENSIONS OF HOLOTYPE: diameter 116 mm., height 8 mm. 

Remarks: This species is closest to Holectypus limitis Bése of the upper Washita 
of Texas and Mexico, but is much smaller. Furthermore, the ambulacra are rela- 
tively wider, the granule between the pores of a pair is lacking, and the tubercles 
are fewer and relatively larger. The species resembles an illustration of an unde- 
scribed Holectypus from the dwarf Pawpaw fauna of Denton County, Texas. 

Univ. Micu. No. 16635 (holotype), 16636-37, 16639-43, 15542-15544. 

OccurrENCE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J56, J58, K65, J69, K69, K71, K127. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J10, 


J34-35, J38-39. 
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Genus Holaster Agassiz 


Holaster nanus Cragin 
(Plate 13, figures 11-16) 


1893. Holaster nanus Cracin, Texas Geol. Surv., Ann. Rept. 4, p. 156, pl. 24, fig. 14; 
pl. 25, fig. 11. 


Description: This species is represented by 19 specimens from the Indidura forma- 
tion of Sierra de Santa Ana, Coahuila. A low phase and a tall phase have been 
recognized in the species. 

Low PHASE 


Shell of moderate size, rounded-cordiform, lower surface flat, upper surface rather 
flat; anterior wall almost vertical, posterior end truncated. Dimensions of figured 
specimen: length 30.8 mm., width 28.9 mm., height 17.3 mm. 

Ambulacra straight and flush with surface, except unpaired anterior ambulacrum, 
which is in a shallow groove. Postero-lateral ambulacra possess elliptical slit-like 
pores, of which the posterior pairs of pores are more elongate than the anterior 
ones. Posterior plates of antero-lateral ambulacra possess elongate elliptical pos- 
terior pores and shorter anterior pores; the pores of the anterior plates are equal 
and even shorter. The pores of the unpaired anterior ambulacrum are round and 
inclined so that each pair forms an angle of 45 degrees to the long axis of the 
ambulacrum. 

Peristome transversely oval, situated three-tenths of the length of the shell from 
the anterior margin. Periproct oval, rounded below, pointed above, situated on the 
truncated posterior face. Apical system a little more than twice as long as wide. 
Five perforate ocular plates and four perforate genitals, on the vant anterior one 
of which is situated the madreporite. 

Surface ornamented with crenulate, mammillate, perforate tubercles with areolas, 
and numerous granules. The ambulacra contain a few scattered tubercles, those in 
the anterior unpaired ambulacrum being smaller than those of the other ambulacra. 
The interambulacral plates contain usually one tubercle each at the apical system, 
the number increasing gradually toward the ambitus, where they are numerous. 

The Mexican specimens differ from Cragin’s illustrations in the blunter posterior 
end and the more vertical anterior wall. Cragin’s figure does not show the pores or 
tubercles well enough for comparison. The specimens differ from the low phase of 
H. simplez in their greater width, more numerous tubercles, and straighter ambulacra. 


TALL PHASE 


This form coincides in every detail except height with the low phase. Dimensions 
of figured specimen: length 27.2 mm., width 26.2 mm., height 17.7 mm. 

This phase may be distinguished from the tall phase of H. simplex by the shallower 
anterior ambulacral notch, the flatter upper surface, and the greater number of 
tubercles. 

Univ. Mica. No. 15539-15541, 16645-16649. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J56-58, J68-69, K65, K69, K124. 

OTHER OCCURRENCES: “Vola bed” (Grayson formation ?), Grayson County, Texas. 
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Genus Hemiaster Desor 
Hemiaster bexari Clark 
(Plate 13, figures 21-25) 
1915. Hemiaster bexari CiarK, U. 8. Geol. Surv., Mon. 54, p. 89, pl. 46, fig. la-e. 


Description: This species is represented by 30 specimens from the Indidura 
formation of Sierra de Santa Ana and Sierra de la Pefia, Coahuila. 

Shell rather small, rounded-oval; upper surface flat, highest posteriorly. Dimen- 
sions of high specimen (PI. 14, figs. 21, 22): length 22 mm., width 194 mm., height 
175 mm. Dimensions of a low specimen (PI. 18, figs. 24, 25): length 18.5 mm., width 
16.9 mm., height 11.5 mm. 

Ambulacral depressions shallow, the anterior one failing to notch the ambitus. 
Ambulacra short, wide, petaloid, the antero-lateral petals twice the length of the 
postero-lateral petals. Pores of paired ambulacra similar, elliptical. Unpaired 
anterior ambulacrum long, straight; pores small, circular, each pair separated by a 
granule and oriented at an angle of 45 degrees to the long axis of the ambulacrum. 

Periproct small, elliptical, situated high on the truncated posterior margin. 
Peristome small, transversely elongate, situated one-fourth the length of the shell 
from the anterior end. Surface of shell covered with granules and mammillated 
tubercles, surrounded by areoles. Peripetalous fasciole distinct. 

Remarks: Clark’s description and figures are so poor that identification of the 
Mexican specimens is difficult. Adkins mentions a form from the Weno formation 
which resembles Clark’s species. Lambert assigned H. berari to the genus Leymeri- 
aster because of the unequal length of the petals. 

Univ. Micu. No. 15865, 16650-16667. 

OccurrENcE: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
Sierra de Santa Ana, Coahuila; collections J69, K71. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J3, J6-8, 
J11-12, J33, J35, J37-40, J43, J44. 

OTHER OccURRENCES: Washita division, Bexar County, Texas. 


Hemiaster calvini Clark 
(Plate 13, figures 17-20) 


1893. Hemiaster calvini CuarK, U. 8. Geol. Surv., Bull. 97, p. 90, pl. 49, fig. 2a-i. 

1910. Hemiaster calvini Boss, Inst. Geol. México, Bol. 25, p. 175, pl. 43, figs. 3-5, 8; 
pl. 44, figs. 1-8; pl. 45, figs. 1-3, 5. 

1915. Hemiaster calvini CuarK, U.S. Geol. Surv., Mon. 54, p. 91, pl. 47, fig. 2a-i. 

1916. Hemiaster calvini Wuirney, Bull. Am. Paleont., vol. 5, no. 26, p. 18, pl. 8, figs. 
4-7; pl. 9, figs. 1-3. 

1918. Hemiaster calvini Apkins, Univ. Texas, Bull. 1856, p. 114, pl. 5, figs. 1, 2, 4; 
pl. 6, fig. 3; pl. 8, fig. 6. 

Description: This species is abundant in the Indidura formation of Sierra de 
Santa Ana, and Sierra de la Pefia, Coahuila. Many of the specimens are excellently 
preserved, and agree with previous descriptions. 

DIMENSIONS OF AN AVERAGE SPECIMEN (PI. 13, figs. 17-19): length 28 mm., width 
26.4 mm., height 18.5 mm. 

Remarks: The specimens from Coahuila are lower than the typical Buda speci- 
mens. Adkins says that there is considerable variation within the species. 

Univ. Micu. No. 16669-16687, 16078, 15834-15839, 15545-15549. 

Occurrence: Members 2 and 3, Indidura formation, north of Tanque Toribio, 
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Sierra de Santa Ana, Coahuila; collections J53, J56-58, J68-69, K65-66, K68-71, K74, 
K76, K123-125, K127. 

Member 2, Indidura formation, Sierra de la Pefia, Coahuila; collections J1, J3, 
J5-8, J10-12, J29, J33-37, J39-44, J46. 

OTHER OCCURRENCES: Main Street to Buda formations, Texas; Subdivision 8, 
Lower Cenomanian, Cerro de Muleros, Chihuahua. 


Hemiaster sp. 
(Plate 13, figures 26-28) 
1918. Hemiaster sp. Boss, Univ. Texas, Bull. 1856, p. 232, pl. 20, figs. 6-10. 


Description: This species is represented by several specimens from the Indidura 
formation of Sierra de la Pefia, Coahuila. They agree well with Bése’s description. 

DIMENSIONS OF THE FIGURED SPECIMEN: length 206 mm., width 18.8 mm., height 
8 mm. 

A narrow peripetalous fasciole has been observed on one of the specimens. 

Remarks: The species differs from Hemiaster calvini Clark chiefly in the general 
shape, being much broader and lower. 

Univ. Micu. No. 16668, 16688. 

OccurrENcE: Member 2, Indidura formation, Sierra de la Pefia, Coahuila; colle- 
tions J6, J10. 

OTHER occurRENCES: Horizon 1, Upper Cenomanian(?), Cerro del Macho, Haci- 


enda del Mohévano, Coahuila. 
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Piate 2 


FOSSILS FROM THE AURORA AND THE INDIDURA FORMATIONS, 
COAHUILA, MEXICO 


Concinnithyris (?) sp. 
Figures 1-3.—Dorsal, lateral, and anterior views of a single specimen. Aurora forma- 
tion. Univ. Mich. No. 16601. 
Ornithothyris (?) ehlerst Jones n. sp. 


Figure 4—Foramen of a specimen (X2). Univ. Mich. No. 16850. 

Figure 5—Drawing of the loop, reconstructed from several specimens. 

Figures 6-8—Anterior, lateral, and dorsal views of the holotype. Indidura forma- 
tion. Univ. Mich. No. 16603. 


Gryphea marcoui Hill and Vaughan 


Figures 9,10—Views of a single specimen. Aurora formation. Univ. Mich. No. 
16718. 
Pinna guadalupae Bése 
Figure 11—Left valve of a small specimen. Indidura formation. Univ. Mich. No. 
16689. 
Figure 12.—Posterior view of same specimen. 
Figure 13.—Left valve. Univ. Mich. No. 16690. 
Inoceramus sp. Bése 


Figure 14—Interior of a specimen. Indidura formation. Univ. Mich. No. 16851. 


Lima shumardi Shattuck 
Figures 15, 16.—Views of a left valve. Indidura formation. Univ. Mich. No. 16769. 
Figure 17.—Surface of shell of another specimen (X2). Univ. Mich. No. 16119. 
Alectryonia lugubris (Conrad) 
Figures 18,19—Upper and lower valves of a single specimen. Indidura formation. 
Univ. Mich. No. 16702. 
Pteria pedernalis (Bése) 


Figure 20.—View of a robust specimen lacking the ventral margin. Indidura forma- 
tion. Univ. Mich. No. 16695. 


Exogyra arietina var. coahuilaensis Jones n. var. 


Figure 21—Lower valve of a large specimen with an exceptionally spiral beak. 
Indidura formation. Univ. Mich. No. 16708. 

Figure 22——Lower valve of an exceptionally wrinkled specimen. Univ. Mich. No. 
16709. 

Figure 23—Dorsal view of a typical specimen. Univ. Mich. No. 16707. 

Figure 24—Upper valve. Univ. Mich. No. 16706. 


Exogyra plexa Cragin 


Figures 25,26—Views of a single specimen. Indidura formation. Univ. Mich. No. 
16715. 
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Puiate 3 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 


Pecten (Camptonectes) indiduraensis Jones n. sp. 


Figure 1.—View of the holotype, an interior of a right valve. Univ. Mich. No. 


16724. 
Figure 2—Exterior of a small specimen. Univ. Mich. No. 16727. 


Gryphea washitaensis var. kellumi Jones n. var. 


Figures 3,4.—Views of a typical lower valve. Univ. Mich. No. 16127. 
Figure 5—Another lower valve. Univ. Mich. No. 16900. 


Plicatula subgurgitis 


Figure 6—Left valve. Univ. Mich. No. 16738. 

Figure 7—Right valve. Univ. Mich. No. 16740. 

Figure 9—Posterior view of an entire specimen. Univ. Mich. No. 16739. 
Figure 11—Left valve. Univ. Mich. No. 16737. 

Figure 12—Right valve. Univ. Mich. No. 16741. 


Pteria pedernalis (Bése) 
Figures 8, 10—Left valve and dorsal view of a typical specimen with muscle scars 
preserved near beak. Univ. Mich. No. 16694. 


Figure 13—Left valve. Univ. Mich. No. 16693. 
Figure 17—Dorsal view of a robust specimen. Univ. Mich. No. 16695. 


Gryphea washitaensis Hill 


Figure 15—Lower valve of a specimen resembling the typical Texan forms. Univ. 
Mich. No. 16875. 

Figures 14, 16—Lower and upper valves of a typical Indidura specimen. Univ. Mich. 
No. 16876. 
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PuaTe 4 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 
Spondylus penaensis Jones n. sp. 


Figure 1—Free valve of the holotype. Univ. Mich. No. 16755. 
Figure 2—Attached valve of the holotype. 

Figure 3.—Anterior view of the holotype. 

Figure 4—Free valve. Univ. Mich. No. 16757. 

Figure 5—Attached valve. Univ. Mich. No. 16756. 


Modiolus santaanaensis Jones n. sp. 


Figure 6—Left valve of the holotype, lacking the beak. Univ. Mich. No. 16771. 
Figure 7—Right valve of the holotype, lacking the anterior extremity. 
Figure 8 —Dorsal view of the holotype. 


Modiolus (?) sp. 
Figure 9.—Fragment of a right valve. Univ. Mich. No. 16775. 
Veniella coahuilaensis Jones n. sp. 


Figure 10—Left valve showing muscle scar. Univ. Mich. No. 16797. 
Figure 20.—Right valve of the holotype. Univ. Mich. No. 16796. 


Pholadomya toribioensis Jones n. sp. 


Figures 11, 12—Views of the holotype. Univ. Mich. No. 16785. 
Figure 13—Dorsal view of another specimen. Univ. Mich. No. 16786. 


Homomya casei Jones n. sp. 


Figures 14,18—Views of the holotype. Univ. Mich. No. 16781. 
Figure 19—Right valve. Univ. Mich. No. 16782. 


Pholademya sp. 


Figures 15,17—Views of a single specimen, lacking the posterior extremity. Univ. 
Mich. No. 16790. 


Remondia penaensis Jones n. sp. 
Figure 16.—Left valve of the holotype. Univ. Mich. No. 16806. 
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Puiate 5 


FOSSILS FROM THE AURORA AND THE INDIDURA FORMATIONS, 
COAHUILA, MEXICO 


Sauvagesia kellyi Jones n. sp. 


Figures 1,11—Views of two specimens attached. Univ. Mich. No. 16901. 
Figure 4—Drawing of the interior of the holotype. 
Figure 7—The holotype, a lower valve. Indidura formation. Univ. Mich. No. 
16839. 
Nerinea bolaensis Jones n. sp. 
Figure 2—View of the holotype. Aurora formation. Univ. Mich. No. 16605. 
Figure 12—Composite drawing (X2) of the interiors of several specimens. 


Fusus kellumi Jones n. sp. 


Figure 3—Back view (X2). Univ. Mich. No. 16609. 
Figure 6—Back view (X2). Univ. Mich. No. 16613. 
Figure 9—Back view (X2). Univ. Mich. No. 16611. 
Figure 10—Front view of the holotype (X2). Indidura formation. Univ. Mich. 
No. 16607. 
Tapes gabbi Bése 
Figures 5,14.—Views of an internal cast. Indidura formation. Univ. Mich. No. 
16808. 
Veniella coahuilaensis Jones n. sp. 
Figure 8—Dorsal view of the holotype. Indidura formation. Univ. Mich. No. 
16796. 
Arctica sp. 
Figures 13, 15—Views of a single specimen, lacking the posterior extremity. Indidura 
formation. Univ. Mich. No. 16793. 
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6 


FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO, 
AND THE EAGLE FORD FORMATION, TEXAS 


Romaniceras (?) coahuilaense Jones n. sp. 


Figure 1—View of the holotype (X%). Indidura formation. Univ. Mich. No. 
16099. 
Acanthoceras barcust Jones n. sp. 


Figures 2,8,9.—Views of the holotype. Eagle Ford formation. Univ. Mich. No. 
16543. 
Figure 3.—Drawing of the suture of the holotype. 


Fusus kellumi Jones n. sp. 


Figure 4—Back view (X2). Indidura formation. Univ. Mich. No. 16609. 
Figure 5—Front view (X2). Univ. Mich. No. 16610. 


Turrilites sp. A. 
Figure 6—An internal cast. Indidura formation. Univ. Mich. No. 16816. 
Turrilites sp. B. 
Figure 7—A flattened cast. Indidura formation. Univ. Mich. No. 16813. 
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7 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 
Romaniceras mexicanum Jones 0. sp. 
Figures 1,6.—Views of the holotype (X%). Univ. Mich. No. 16928. 
Romaniceras (?) coahuilaense Jones n. sp. 
Figure 5.—View of the holotype (X14). Univ. Mich. No. 16099. 
Romaniceras indiduraense Jones n. sp.- 
Figures 2,3,4—Views of the holotype (X14). Univ. Mich. No. 16925. 
Romaniceras toribioense Jones n. sp. 
Figures 7,8.—Views of the holotype. Univ. Mich. No. 16918. 
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8 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 
Romaniceras santaanaense Jones n. sp. 
Figures 1,6.—Views of the holotype (X%4). Univ. Mich. No. 16933. 
Romaniceras kanei Jones n. sp. 


Figure 2—Suture of the holotype. Univ. Mich. No. 16819. 
Figures 7,8.—Views of the holotype. 7 


Pseudotissotia (?) kellyi (?) Jones n. sp. 

Figure 3—A young individual with a narrow venter. Univ. Mich. No. 16824. 
Romaniceras adkinsi Jones n. sp. 

Figures 4,5.—Views of a single specimen (X14). Univ. Mich. No. 16913. 
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PLaTE 9 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 


Pseudotissotia (?) coahuilaensis Jones n. sp. 


Figure 1—Suture of the holotype. 
Figures 3,8—Views of the holotype. Univ. Mich. No. 16822. 


Pseudotissotia (?) kellyi Jones n. sp. 


Figure 2.—Drawing of a suture. Univ. Mich. No. 16917. 
Figure 7—View of the holotype. Univ. Mich. No. 16823. 


Stoliczkaia (?) sp. A. 
Figures 4,5.—Views of a single specimen. Univ. Mich. No. 16820. 


Romaniceras kanei Jones n. sp. 
Figure 6—View of the holotype. Univ. Mich. No. 16819. 
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Puiate 10 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 


Metoicoceras bései Jones n. sp. 


Figures 1,3.—Views of the holotype. Univ. Mich. No. 16828. 
Figure 2—Suture of another specimen. Univ. Mich. No. 16831. 


Manitelliceras sp. A. 
Figures 4,5.—Views of a single specimen. Univ. Mich. No. 16827. 
Prionotropis sp. B. 


Figure 6—Drawing of a suture. Univ. Mich. No. 16832. 
Figures 7,8—Views of same specimen. 


Pseudotissotia (?) kellyi Jones n. sp. 
Figure 9—View of the holotype. Univ. Mich. No. 16823. 


| 
ae 
| 
4 | 


BULL. GEOL. SOC. AM., VOL. 49 


FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 


ee JONES, PL. 10 
way 
8 9 
| 


; 


BULL. GEOL. SOC. AM., VOL. 49 


JONES, PL. 11 


FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 


WAL 

| 3 
6 

12 13 14 

| 


| 
| 
| 
| 


EXPLANATION OF PLATES 147 


Prate 11. 
FOSSILS FROM THE INDIDURA FORMATION, COAHUILA, MEXICO 
Prionotropis sp. A. 
Figures 1,2.—Views of a single specimen. Univ. Mich. No. 16834. 
Coilopoceras sp. B. 
Figure 3.—Suture of a specimen (X%). Univ. Mich. No. 16906. 
Pseudotissotia (?) sp. A. 


Figure 4—Suture of a specimen. Univ. Mich. No. 16821. 
Figures 5,6.—Views of same specimen, badly weathered. 


Prionotropis sp. Moreman 


Figure 7.—Fragment of a whorl. Univ. Mich. No. 16837. 
Figures 8,9.—Views of another specimen. Univ. Mich. No. 16835. 


Coilopoceras sp. A. 


Figure 10—Suture of a specimen, lacking the ventral flank of the first lateral lobe. 
Univ. Mich. No. 16905. 


Coilopoceras indiduraense Jones n. sp. 
Figure 11—Suture of the holotype. Univ: Mich. No. 16902. 
Coilopoceras sp. C. 


Figure 12—Suture of a specimen (X14) lacking the ventral half of the first lateral 
lobe. Univ. Mich. No. 16907. 


Prionotropis sp. C. 
Figures 13, 14——Views of a single specimen. Univ. Mich. No. 16836. 
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FOSSILS FROM THE AURORA AND THE INDIDURA FORMATIONS, 
COAHUILA, MEXICO 


Coilopoceras sp. indet. 


Figures 1,2.—Views of a small specimen, possessing the general shape and suture 
of the genus (X%). Indidura formation. Univ. Mich. No. 16908. 


Phymosoma sp. aff. mexicanum Bése 


Figure 3—Lateral view of a specimen, showing the tubercles of a single row of 
interambulacral plates. Indidura formation. Univ. Mich. No. 16624. 


Figure 4.—Upper surface of same specimen. 
Figure 5—View of an ambulacral area of same specimen. 


Tetragramma (?) bései Jones n. sp. 


Figure 6.—Lateral view of holotype. Indidura formation. Univ. Mich. No. 16623. 
Figure 7—Upper surface of holotype. 


Holectypus sp. aff. castillot Cotteau 


Figures 8,9.—Views of a single specimen. Aurora formation. Univ. Mich. No. 
16644. 
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FOSSILS FROM THE AURORA AND THE INDIDURA FORMATIONS, 
COAHUILA, MEXICO 
Holectypus parvus Jones n. sp. 
Figure 1—Upper surface of a specimen (X4). Indidura formation. Univ. Mich. 
No. 16637. 
Figures 9, 10—Views of the holotype (X2). Univ. Mich. No. 16635. 
Phymosoma volanum (Cragin) 
Figures 2,3.—Views of lower and upper surfaces of a small specimen. Indidura 
formation. Univ. Mich. No. 16630. 
Figure 4—Lateral view of same specimen (X2). 


Goniopygus bolaensis Jones n. sp. 
Figures 5,8.—Views of holotype (X2). Aurora formation. Univ. Mich. No. 16633. 
Figure 6—Apical system of holotype (X2). 

Holectypus sp. aff. castilloi Cotteau 
Figure 7—Oral view. Aurora formation. Univ. Mich. No. 16644. 


Holaster nanus Cragin 


Figure 11—Upper surface of a specimen of the low phase (X3). Indidura forma- 
tion. Univ. Mich. No. 16645. 

Figures 12-14.—Views of the same specimen. 

Figures 15, 16.—Views of an individual of the high phase. Univ. Mich. No. 15539. 


Hemiaster calvini Clark 


Figures 17-19.—Views of a typical Indidura specimen. Univ. Mich. No. 16670. 
Figure 20—A high individual resembling the typical Texan forms. Univ. Mich. 
No. 16669. 
Hemiaster bexari Clark 


Figures 21,22—An exceptionally high individual. Indidura formation. Univ. Mich. 
No. 16651. 

Figure 23—Upper surface of a specimen. Univ. Mich. No. 16650. 

Figures 24,25.—An exceptionally low individual. Univ. Mich. No. 16652. 


Hemiaster sp. Bése 


Figures 26-28.—Views of a single specimen. Indidura formation. Univ. Mich. No. 
16668. 
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INTRODUCTION 


STATEMENT OF PROBLEM 


The Gogebic iron range is in Michigan and Wisconsin, south of the 
western end of Lake Superior, along a narrow belt that extends about 80 
miles in a general east-west direction. The range constitutes part of the 
south flank of the Lake Superior pre-Cambrian geosyncline. The produc- 
tive part of the district extends from the vicinity of Wakefield, Michigan, 
westward into Wisconsin, to about the west border of Iron County, Wis- 
consin. The eastern part of the district, from a few miles east of Wake- 
field to Lake Gogebic, has never produced any ore. In both parts of the 
range the Middle Huronian iron formation is overlain by a thick series 
of graywacke and slates, which, in turn, are overlain by the Keweenawan. 
In the central part of the range, near Wakefield, however, the lower 
Keweenawan quartzite bevels across the graywacke and rests directly 
upon the iron formation, so that the graywacke beds above the Middle 
Huronian cannot be traced continuously from the eastern to the western 
part of the range (Fig. 1). 

In the eastern part, the term “Copps” has been applied to the upper 
graywacke and slates, and, in this report, this region will be referred to as 
the Copps, or eastern, area. An erosional interval of great magnitude be- 
tween the Middle Huronian iron formation and the Copps has been recog- 
nized for many years, and the Copps has been, therefore, referred to the 
Upper Huronian, both because of its stratigraphic position in relation 
to major unconformities, and because its lithology corresponds to that 
of the Upper Huronian elsewhere. 

In the western part of the district, the graywacke and slates above the 
iron formation are termed Tyler, and the region in which these beds 
are found will be called the Tyler, or western, area. The Tyler slates 
were believed to overlie the Middle Huronian conformably and, therefore, 
have been considered as older than the Copps formation of the eastern area. 

It is the purpose of this paper to present evidence, acquired during two 
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field seasons, for the correlation vi the Tyler and the Copps graywackes, 
and for the assignment of these beds to the Upper Huronian, together 
with the evidence for the presence of an unconformity between the Mid- 
dle and the Upper Huronian in both the eastern and the western parts of 
the range. Additional evidence on the age of late granite intrusions 
will also be given. 

ACKNOWLEDGMENTS 

Throughout the field work, the writer held an appointment on the 
United States Geological Survey, working under the direction of Dr. 
C. K. Leith. While engaged in this problem in the academic year 1932- 
1933, the writer held the Emmons Economic Fellowship, under a com- 
mittee composed of Dr. W. Lindgren, Dr. A. M. Bateman, and Dr. C. P. 
Berkey. 

The writer is especially indebted to Dr. C. K. Leith for constructive 
direction of the field work and for valuable suggestions on all phases of the 
problem. Dr. W. O. Hotchkiss has placed at the writer’s disposal im- 
portant data for the western part of the district. The cooperation of the 
Wisconsin Geological Survey is greatly appreciated. Aid and criticisms 
given by Mr. L. M. Scofield, of Pickands, Mather, and Company, were 
a valuable factor in the development of this report. The cooperation of 
the geologists and mining companies of the district was extremely im- 
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PREVIOUS WORK 


An outline of the early work done in this district is given by Irving and 
Van Hise (1892, p. 297-298), who named the slates above the iron forma- 
tion in the western area the Upper Slate member, and reported it as lying 
conformably upon the iron formation, with a gradation zone, 170 feet 
thick, between them. The Palms quartzite, Ironwood iron formation, and 
Upper Slate member (Tyler) were placed in the Upper Huronian, and cor- 
related with the Animikee of northern Minnesota and with the Upper 
Marquette of the Marquette district. The authors treated the eastern 
area separately. They recognized the continuation of the iron forma- 
tion of the western part of the district into the eastern area, and reported 
the conglomerate at the base of the upper slate series (Copps) in the east. 
However, they correlated both the iron formation and the overlying slate 
series, which they termed “Ferruginous Slates of the Eastern Area”, with 
the iron formation of the west, and believed that the equivalent beds of 
the Tyler had been eroded in the eastern area before the Keweenawan. 

Van Hise and Leith (1911, p. 234), followed this interpretation. They 
considered the Upper Huronian as composed of the same formations as did 
Irving and Van Hise in the earlier monograph, and believed that there 
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was a conformable relationship between the Ironwood formation and the 
Tyler slate. By this time, however, the three-fold division of the Huro- 
nian had been recognized in the Marquette district, with the main iron 
formation in the Middle Huronian and separated by an unconformity 
from the Upper Huronian. The authors, not recognizing a similar uncon- 
formity in the Gogebic range between the Ironwood and the Tyler slates, 
grouped them together as Upper Huronian, thus correlating the Ironwood 
with the Bijiki of the Marquette range and the Vulcan of the Crystal Falls 
district. 

In 1915, Allen and Barrett (1915b) published a report on the eastern 
area, in which they applied the term “Copps” to the “Ferruginous Slates 
of the Eastern Area” of Irving and Van Hise. They reported a wide- 
spread basal conglomerate containing fragments of the underlying Palms 
and Ironwood formations, as well as granite boulders which they con- 
sidered to be derived from the Presque Isle granite. Because of the 
magnitude of this unconformity, they placed the Copps formation in the 
Upper Huronian, and the Palms quartzite, the Ironwood, and the Tyler 
slate in the Middle Huronian. The reason for assigning a pre-Copps age 
to the Tyler slate of the western area was because no unconformity was 
recognized between the Ironwood and the Tyler in that part of the range. 
The Presque Isle granite was dated post-Tyler and pre-Copps, and they 
correlated the erosion interval between the Middle and the Upper Huron- 
ian of the Gogebic district with that known to exist in the Marquette 
district. The Tyler slate they believed to be represented by this period 
of erosion in the Copps part of the Gogebic range and in the Marquette 
district. 

Table 1 presents a summary of the three classifications to which refer- 
ence has been made, and the present classification, the evidence for which 
is presented in this report. 

Hotchkiss (1919, p. 501) gave the following divisions of the Ironwood 
formation and the Tyler slates: 

Graywacke slates 
Tyler Tron carbonate slates 
Pabst member, cherty and fragmental, and ferruginous slate 
beds. 


Upper Anvil ferruginous chert member 
Pence ferruginous slate member 


Norrie ferruginous chert member 
— Yale member—interbedded ferruginous cherts and ferruginous 


Lower _ slates 
Plymouth ferruginous chert member 


He described and named the Pabst member, a fragmental zone at the 
base of the Tyler, stating that the unconformity between the Ironwood and 
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the Tyler represented the greatest erosional surface between the base 
of the Palms and the base of the Keweenawan. He also described what 
he considered similar unconformities, varying only in that they were of 
lesser magnitude, at the base of the Plymouth and Pence members of the 
Ironwood. From the Norrie mine eastward, the introductory bed of the 
Pabst was described as a thin-bedded, somewhat slaty iron carbonate, 
varying from a few feet in thickness up to 30 feet or more, above which is 
the true fragmental horizon of the Pabst. Hotchkiss did not attempt cor- 
relation with the three-fold divisions of the Marquette district. 

Aldrich (1929) published a detailed report on the Gogebic range in Wis- 
consin. He did not recognize a Middle Huronian, and followed Van Hise 
and Leith in placing all the beds from the Palms to the base of the 
Keweenawan in the Upper Huronian. He reported a gradational contact 
between the Ironwood and the overlying Tyler. The Pabst conglomerate 
horizon he considered identical in character and origin with the “con- 
glomeratic” horizons present in the Ironwood. He minimized the impor- 
tance of the erosional contact of the Keweenawan with the Tyler, be- 
lieving that the major part of the beveling of the beds of the Tyler was the 
result of thrust faulting. 

Leith (1931, p. 284) stated that, although the existence of an uncon- 
formity between the Ironwood and the Tyler had not yet been proved 
in the Gogebic range, there was some indication of it in the east end of the 
range and also in the Pabst horizon in the western part. This statement 
apparently implies a correlation between the Tyler slates and the Copps, 
but no further reference to the correlation was made. 

Leith, Lund, and Leith (1935, p. 13-14), on the basis of unpublished 
work by Atwater, correlated the Tyler and the Copps formations, and con- 
sidered this slate series as Upper Huronian. It is this view which the 
author will attempt to establish. 


TYLER FORMATION 
LITHOLOGY 


General Statement.—Although little can be added to the excellent petro- 
graphic descriptions by Irving and Van Hise (1892, p. 296-345) of the 
rocks that constitute the Tyler formation, for the purpose of this work a 
different classification of the lithologic types is used. 

The term graywacke is here used in a broad lithologie sense to denote 
a rock composed of clastic grains of quartz, feldspar, mica, slate, argillite, 
and phyllite, cemented by a matrix that is dominantly composed of 
chlorite, or a mixture of chlorite and mica, together with interstitial 
quartz and authigenic feldspar. The characterizing feature of a gray- 
wacke is thus taken as the presence of appreciable amounts of clastic 
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grains of pre-existing sediments and ferromagnesian minerals, commonly 
with a matrix that represents the recrystallization of a mud derived from 
the weathering of basic igneous rocks or pre-existing sediments. 


Massive Graywacke.—Beds vary in thickness from several inches to 3 
feet or more. The undulating bedding surfaces are determined by the 
presence of very fine laminae of fine black or gray shale. Cross-bedding 
and current and wave ripple marks are excellently developed in some 
exposures, but are not common. Minor diastems, restricted to parts of 
single exposures, indicate local contemporaneous erosion and deposition. 

It is convenient to describe the texture of this rock as coarse, medium, 
or fine grained, according to the dominant size grade present. Except 
in the fine-grained phase, there is only rude sorting of the particles ac- 
cording to size, the average specimen containing grains from 2 millimeters 
down to the finest silt (Pl. 1, fig. 1). Clastic muscovite and biotite, some 
of which has been partially altered to chlorite, is common in many speci- 
mens, with the platy cleavage lying roughly parallel to the bedding. The 
predominance of one type of mica in thin laminae may produce a color 
lamination apparent in hand specimen. Included in the medium-grained 
phases of graywacke there may be lenses of recrystallized mud, now strung 
out in irregular masses by deformation of the rock. The matrix may be 
stained by either iron oxide or carbonaceous material. 

Lamination is generally present in the fine-grained sediments, and 
gradation of grain is noticeable in some of the thin sections. Flattened 
clay balls of a black chloritic mud are common on the bedding surfaces. 
In the extremely fine-textured rock, the silt and mud have recrystallized 
into a felted mass of sericite and quartz, with some chlorite, in which the 
mica is oriented parallel to the bedding. Thin sections of some of the 
fine-grained phases show a spotted appearance under cross nicols, with 
the spotted areas comparatively free of sericite, and containing greater 
amounts of chlorite (Pl. 1, fig. 2). There appear to be two possible origins 
of this spotted character of the rocks, both of which are believed to be 
represented in the specimens examined. In some, the dark areas are the 
result of the decomposition of clastic ferromagnesian minerals, and in 
these the spotted character is apparent without cross nicols. In other 
specimens, the spotted effect is believed to represent the effect of contact 
metamorphism of the rock, as there is a suggestion of the development of 
crystal outlines of the individual spotted areas, which are not apparent 
without crossed nicols. 


Thin-bedded Graywacke.—This phase differs from the massive gray- 
wacke only in that the bedding surfaces are from one-quarter to three- 
quarters of an inch apart. Mineralogically, it grades both into the massive 
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graywacke and into the dark slates, emphasizing the arbitrary nature of 
these divisions. The size of the grain is, as a rule, smaller than in the 
massive phase, and, from a distance, these beds resemble the dark slates. 
As in the massive phases, clastic mica.is common. 


Dark Slates.—This phase is exceedingly fine grained, dark gray, greenish 
black, or black, and possesses excellent parting parallel to the bedding. 
Fine color lamination marks the bedding in some outcrops. On weather- 
ing, the rock becomes heavily stained with iron oxide on the surfaces, and 
breaks into slivers and chips showing on some sides a curved surface re- 
sembling conchoidal fracture, or, because of jointing, into small rhombs 
with remarkably regular surfaces. The spotted character described under 
the fine-grained massive type is also found in this phase. 


Ferruginous Slates—The thin-bedded slates are lithologically more 
similar to the “slates” of the iron formation than to the rest of the Tyler, 
but they grade upward into typical clastic beds of the Tyler. Their iron 
content is rather high, running in places from 15 to 25 per cent. Most of 
those found are oxidized, but, in some of the drill holes, there may be 
unoxidized sideritic slates. They are found only in the lower part of the 
formation above the Pabst member, but are present along the strike at this 
horizon almost everywhere in the area studied. 


Massive Carbonate and Interbedded Chert —This phase of the Tyler is 
seen only near the base, and is limited in outcrop. The rock is a coarsely 
crystalline ferro-dolomite, light-gray or white, except where weathering 
has produced a thin coating of iron oxide. A small amount of calcite and 
siderite is present. The chert is found interbedded in the carbonate, and 
is a black, dense, thick-bedded variety, different from the cherts of the 
Ironwood. This rock crops out in the bed of the Black River, and was 
also seen on a rock dump near an abandoned shaft north of the Davis mine. 
In the Black River exposure, the chert layers have been brecciated as a 
result of local drag folding. Along the crest of a small anticline, this has 
produced what strikingly resembles a large conglomerate, the carbonate 
matrix being completely recrystallized and showing no effect of the de- 
formation. The rock from the shaft north of the Davis mine shows the 
same phenomenon, with sharply angular chert fragments up to 6 inches 
long and 4 inches wide. 


Reddish, Fine-grained Graywacke.—In the vicinity of Ironwood, a dull, 
reddish gray, massive siltstone immediately underlies the basal Keweena- 
wan quartzite. Mineralogically, it is similar to the fine-grained gray- 
wackes of the rest of the Tyler, but the grains carry a coating of iron 
oxide, which is also disseminated throughout the matrix. 
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Pabst Member—The basal member of the Tyler formation consists of 
interbedded sideritic slates, ferruginous cherts, odlitic cherts, and frag- 
mental beds, which in places distinctly merit the term conglomerate. 
Thin beds of quartzite and arkose in the Pabst were encountered in a 
drill hole north of the Eureka mine, in section 12, T. 47 N., R. 46 W. 

The slates are found interbedded in the fragmental horizons, and are 
more closely related to the “ferruginous slates” of the iron formation than 
to the clastic sediments of the Tyler. Associated with these flinty slates 
are fine-grained ferruginous cherts. In places, the original siderite in the 
cherts, after partial oxidation, has been replaced by silica, so that 
pseudomorphs of the siderite rhombs are now composed of iron oxide 
and silica. The odlitic cherts are identical with those that characterize 
the Ironwood. These phases constitute, therefore, typical iron formation, 
closely related in origin to the iron formation of the Middle Huronian. 

The fragmental beds, however, represent a phase that differs from 
the iron formation of the Ironwood in the productive part of the range. 
The pebbles of the Pabst are dominantly white or tan chert, for the 
most part elongated in form, and are the result of the breaking up of thin- 
bedded cherts. Some exhibit abrasion to the extent of possessing rounded 
corners; others are as angular as when they were fractured. In size, 
they range from 2 to 3 millimeters up to 10 centimeters in length, and the 
ratio of width to length is roughly one to four. Pebbles of hematite, 
jasper, granular chert, slaty hematite, and gray cherty iron carbonate 
are common, and in places the slaty hematite pebbles make up the domi- 
nant portion of the conglomerate. The cherty iron carbonate pebbles, if 
thick, show a border of red oxidized hematite, and, if thin, may be com- 
pletely stained red. The jasper shows all stages of alteration to hematite. 

The matrix is commonly a mixture of small grains of white chert, red 
jasper, and hematite grains, surrounded by a mixture of white chert, 
jasper, or hematite. In some of the fragmental horizons, narrow con- 
tinuous bands of chert and jasper are found. 

In the eastern extremity of the Tyler district, in section 7, T. 47 N., 
R. 45 W., the character of the Pabst changes so that beds are composed 
of a large amount of clastic quartz, feldspar, and mica, which are inter- 
bedded with the phases already described. In these horizons are well- 
abraded grains of soft red hematite and hard, steel-blue hematite (PI. 
1, figs. 3 and 4). These grains represent primary clastic grains of hema- 
tite, probably derived from an iron formation that had already been oxi- 
dized and, if the original formation was a siliceous chert, leached of its 
silica. The quartz and feldspar grains show authigenic growth. 

A drill core from the Pabst horizon, in the southeast quarter of the 
southeast quarter of section 7, T. 47 N., R. 45 W., shows rounded pebbles 


4 

i 

| 
i 

1 

j 

— 


TYLER FORMATION 161 


of dark-red jasper surrounded by a matrix that is largely hard, steel-blue 
hematite. The ferruginous chert pebbles are unaltered, with the boundary 
between the pebbles and the matrix sharp and distinct. When the speci- 
men is broken roughly parallel to the bedding, the hematite shows a rude 
platy structure. The iron is not in the form of true platy specularite, but 
it does represent an intermediate step between hard steel-blue hematite 
and specularite. 

Specimens from the Pabst horizon in the Aurora mine, section 23, T. 47 
N., R. 47 W., show the same platy development of hematite on surfaces 
approximately parallel to the bedding. Unlike the drill core from sec- 
tion 7, however, the hematite here is found in the pebbles, which are com- 
posed almost entirely of that mineral. The matrix is jasper, which shows 
little alteration. The two rocks differ in that, in the one, the hematite, 
which metamorphism has altered to incipient specularite, is found in the 
matrix, surrounding chert pebbles, whereas in the other, the matrix is chert, 
and the pebbles are clastic hematite. It is believed that in both rocks the 
hematite was derived from an oxidized iron formation. 

In places the iron content of the Pabst is high. At the Aurora and 
Pabst mines, this horizon was profitably mined by the Oliver Mining Com- 
pany, the ore being in a zone up to 50 feet in width, and unrelated to any 
dike. It is the belief of the Oliver Compaxy geologists that the original 
deposit consisted largely of hematite, as the iron content in beds associated 
with unoxidized siderite may be as high as 50 per cent. 


SEQUENCE OF BEDS 


The basal conglomeratic beds of the Tyler formation constitute an 
horizon of distinctive lithology, present throughout the area covered by 
this report. Farther to the west, however, the Pabst beds apparently are 
not found, and, in the west part of T. 45 N., R. 3 W., Wisconsin, 3 miles 
west of Penokee Gap, their place is taken by a zone in which there is an 
intermingling of sideritic chert and graywacke. 

Above the Pabst fragmental and cherty horizon, beds of flinty and 
sideritic slate are found almost everywhere throughout the district. At 
the Atlantic and Pence mines, in the western part of the district, these 
slates reach a thickness of 300 feet. At the Cary mine, their thickness is 
240 feet. To the east, there is an apparent thinning, or at least local ir- 
regularities in thickness, for, at the Anvil mine, graywacke is found at 
this horizon. Farther east, however, in the vicinity of Ramsey, Michigan, 
these beds are at least 90 feet thick, and, from outcrops in the Black River, 
it appears that they attain a thickness at least comparable to that in 
the western part of the district. Little is known of this horizon, as the 
mine workings never penetrate it, and drilling is stopped when these beds 
are reached. 
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Along the Black River, the beds of massive carbonate and interbedded 
black chert are found about 800 feet above the base of the Pabst member. 
They are underlain by ferruginous slates and graywacke, but because of 
the poor exposures it is impossible to determine the thickness of these beds. 
The same beds were encountered in an old shaft, 600 feet north of the Davis 
mine dump. It is not known whether these constitute a continuous horizon 
or form lenses near the base of the formation. : 

Outcrops of black slate are found consistently about 1000 feet above the 
base of the formation, but it is not possible to determine the thickness 
of this zone, or to be certain that they represent a continuous horizon. 
About 200 feet of similar black carbonaceous slates, 370 feet above the 
base of the Tyler in the Cary mine, were penetrated in a drill hole. The 
only thing that can be said at the present is that black carbonaceous 
slates characterize the lower portion of the Tyler in this district. 

In the vicinity immediately east of Ironwood, Michigan, there is a 
rather large exposure of black slate and interbedded massive graywacke, 
the black slate occupying a considerable portion of the outcrop. Several 
miles farther east, in sections 8 and 9, T. 47 N., R. 46 W., similar outcrops 
of slate and graywacke are found, and the projection of the strike of these 
exposures and their distance above the base of the formation—about 3000 
feet—appear to relate them. 

The remainder of the outcrop area of the Tyler shows scattered ex- 
posures of interbedded massive and thin-bedded graywacke, with minor 
proportions of dark slates present in some localities. It has been sug- 
gested that the presence of the massive graywacke is the cause of the 
exposure, the graywacke acting as a resistant horizon, and that the areas 
with no exposures are underlain by slaty beds. In two of the largest 
exposures, however, the dark slates and thin-bedded graywackes pre- 
dominate. The topography within the Tyler Valley does not appear to 
be the result so much of differential erosion on the underlying beds as it 
is of glacial deposition. There are, however, no suggestions of elongate 
ridges parallel to the strike of the formation, as might be expected if the 
slates had been eroded more readily than the massive resistant beds. 

The reddish graywacke at the top of the Tyler, and separated from 
the red quartzite of the lower Keweenawan by the pre-Keweenawan un- 
conformity, is related to that surface. The color is the result of the oxida- 
tion of the graywacke during its exposure on the surface in pre-Keweena- 
wan times. It is not, therefore, considered a primary horizon of the Tyler. 


RELATION OF THE PABST MEMBER TO THE UNDERLYING BEDS 


The relation of the Pabst member to the underlying Ironwood forma- 
tion, from a point in the vicinity of Iron Belt, Wisconsin, to the eastern 
part of the Tyler district, is shown in Figure 2. Some of the data used 
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in this figure was supplied by W. O. Hotchkiss (1919, p. 502, fig. 17), and 
was originally used in his report on the geology of the Gogebic range. 
A longitudinal projection on the footwall and cross section of the Gogebic 
range, compiled by the Oliver Mining Company, was also used. The 
diagram represents a longitudinal section normal to the bedding. The 


Longitudinal section norma to dip of beds along a portion of the Gogebic 
iron range, showing beveling of upper members of the Middle Huronian 
iron formation by Upper Huronian Tyler formation. Datum plane top 
of Pence slates. Taken from measured sections in mines and diamond 
drill holes. Location of sections given in outcrop map of Ironwood iron 
formation in lower part of diagram. 


1, ATLANTIC MINE NO.3 SHAFT DD. HOLE 

2. PLUMMER SHAFT STH LEVEL CROSSCUT 

3. PENCE NO 2 SHAFT AND 0.0. HOLE 

4. retin NO 4 SHAFT 20 TH LEVEL VERTICAL SCALE 


TH LEVEL NO.16 CROSSCUT HOLE 
8. NORRIE 14TH AND 17TH LEVELS 

9. AURORA E SHAFT I3TH LEVEL 

0. PABST G SHAFT 

BONN 

12, GENEVA 17TH LEVEL CROSSCUT 350 FT. EAST OF SHAFT 


“SPENCE SLAT 


HORIZONTAL SCALE 


Ficure 2—Longitudinal section through a portion of the Tyler district 
Section normal to the bedding. Showing relation of the Pabst member to the underlying Ironwood. 


datum plane is the base of the Anvil chert. The distance represented 
along the strike of the formation is about 11 miles, and the thickness of 
the beds represented is only about 250 feet, so that the exaggeration is 
extreme. Data on the Pabst member in the vicinity of the Plymouth and 
Eureka mines are not given in this figure, but are summarized in the 
following pages. 

The beveling of the beds of the Ironwood to the west is well shown. 
At the Cary mine, number 7, the Anvil member of the Ironwood is 
entirely missing. One mile east, at the Windsor mine, not represented 
on the section, the Anvil is likewise reported missing, and the Pabst mem- 
ber lies directly on the Pence slates. At the Ottawa mine, number 6, and 
at the Montreal No. 4 shaft (number 5 on the diagram) a remnant of the 
Anvil appears, but farther west on the Montreal properties, number 4, 
the Pabst again lies on the Pence. West of this point, the Pabst is under- 
lain by the lower part of the Anvil chert. There is no evidence of faulting 
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along this contact of the Ironwood and the Tyler. In recent years the 
cross-cuts of the mines of the district have not been extended so far north 
as the Pabst except in a few places, so that exposures of the contact are 
rare. In the Montreal mine, however, where this contact was seen on the 
29th level, the Pabst member lay directly on the Pence slates with no 
evidence of faulting between. In the past, the contact has been exposed 
in several places where this beveling has taken place, and in none of them 
was faulting reported. At the Montreal mine, the average thickness of the 
Pence is 115 feét, but at one place its thickness is only 85 feet, and it 
ranges up to 190 feet. This variation in thickness in such a short distance 
along the strike of the formation appears indicative of the removal of 
some of the beds of that member, for the underlying Norrie has a normal 
development. 

West of the district covered in this report, in the vicinity of Penokee 
Gap, the Anvil apparently again reaches a maximum development, for 
the Ironwood has a normal thickness and the Pabst fragmental horizon 
is missing. A drill hole’, near the north sixteenth corner of the northwest 
quarter of section 17, T. 44 N., R. 3 W., shows a transition from the basal 
black slate and graywacke of the Tyler to the black and gray sideritic 
chert and unoxidized siderite of the Upper Ironwood. Aldrich (1929, p. 
238-239) reported the conformable relationship of the Ironwood and the 
Tyler in this region. 

From the vicinity of the Norrie mine, number 8, east to the Anvil mine, 
the Pabst fragmental horizon is underlain by beds of ferruginous slates 
that vary in thickness from a few feet to 50 feet or more. The slates are 
commonly a thin-bedded, slaty iron carbonate and sideritic chert, show- 
ing all degrees of oxidation. Hotchkiss (1919, p. 506) referred to these 
slates as the introductory beds of the Pabst; he, thus, places the uncon- 
formity between the Ironwood and the Tyler at their base. 

Just north of Ramsey, Michigan, in the southeast quarter of the south- 
west quarter of section 12, T. 47 N., R. 46 W., these slates show an abrupt 
thickening. Samples from diamond drill hole No. 23, of the Castile Min- 
ing Company, show 200 feet of gray, even-bedded, ferruginous and cherty 
slates below the Pabst fragmental horizon and above the Anvil chert. 
The true thickness of these beds is approximately 100 feet. The hole 
passes through these slates into the Anvil, crossing the Eureka fault in 
such a manner that, if the structure is otherwise normal, they would be 
somewhat thicker. 

Cores from a diamond drill hole ? east of this locality, in the southeast 


1 Diamond drill hole number 8, specimen numbers 31464-31596, Wisconsin Geological Survey. 
2 Plymouth diamond drill hole No. 1-3 760 ft. W. and 300 ft. N. of SE. corner section 7, T. 47 N., 
R. 45 W. 
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quarter of section 7, T. 47 N., R. 45 W., show the following section, 
starting in the Pabst: 
Section from top to bottom. (True thickness of beds given.) 


Feet 
Typical fragmental Pabst. Matrix of white chert and red jasper grains imbedded 
in blue hematite. Pebbles of sideritic chert and hematite.................... 7 
Interbedded bands and fragments of dark cherty iron carbonate and slaty 
White chert grains, hematite, jasper, and sand grains in a matrix of hematite.. 6 
Bands and fragments of cherty iron carbonate, slaty carbonate, and dark jasper 
in a granular and hard blue hematite matrix....................0.ceeeeeees 52 
Green, magnetic slates interbedded with iron formation....................... 4 
Bands and fragments of cherty iron carbonate and slaty carbonate in a granular 
17 


Coarsely fragmental base of Pabst. True conglomerate with fragments of white 
chert and dark jasper up to three-quarters of an inch in length. Matrix chert, 
jasper, and hard steel-blue hematite grains....................cceceeeeeeeeee 10 
Slates. Thin, regularly bedded, slaty iron carbonate, practically chertless. Dark 
greenish gray. Some phases argillaceous and chloritic. Thin sections show 
Cherty iron formation—typical of 


Although the evidence from these two drill holes is not conclusive— 
for faulting may complicate the structure in a manner not now realized— 
it is believed that the slates, 156 feet thick, below the fragmental base of 
the Pabst, represent the same horizon as the thinner slates, reported by 
Hotchkiss, underlying the Pabst to the west. 

These slates beneath the Pabst fragmental zone are present where the 
Anvil has its normal development, but are missing where the Anvil has 
been subjected to pre-Pabst erosion. The abrupt thickening of the slates 
in the vicinity of the Eureka mine near Ramsey, Michigan, suggests that 
in that area was left an erosion remnant indicative of their thickness 
before the post-Middle Huronian beveling. They pass by gradation into 
the underlying Anvil chert. If the Pabst fragmental zone is an horizon 
associated with an erosion surface, as the data indicate, these slates should 
be associated with the Ironwood iron formation, lying conformably above 
the Anvil chert member, and overlain unconformably by the Pabst frag- 
mental zone. If further data on this relationship can be obtained in the 
future, and if these beds can definitely be shown to lie below the uncon- 
formity, they should probably be considered as a distinct member of the 
Ironwood. In this case, a name such as Eureka slates could well be 
applied. 


SIGNIFICANCE OF THE PABST FRAGMENTAL BEDS 


The pebbles of the Pabst conglomerate are, for the most part, of a type 
that could be produced by sub-aqueous erosion. The chert and carbonate 
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pebbles are believed to be derived from the breaking up of thin beds soon 
after their deposition. Following this disruption, the fragments, reworked 
by waves and currents, were deposited as edgewise conglomerates, with 
some of the chert fragments subjected to abrasion for some time and worn 
to sand size before final deposition. At times the newly precipitated beds 
escaped this disruption, and the thin layers of chert and cherty iron 
carbonate were covered and protected by other sediments. 

Some of the conditions under which the Pabst was deposited were 
similar to those that existed during the deposition of the Ironwood, for 
ferruginous cherts and cherty iron carbonates identical to those of the 
iron formation were precipitated on the sea floor. The agitation to which 
the newly deposited sediments were subjected, however, appears to have 
been a condition that did not prevail to any extent during the period of 
Ironwood deposition. Although both Hotchkiss (1919, p. 506-507) and 
Aldrich (1929, p. 100) report that the Pabst is duplicated by conglomer- 
ates at the base of the Plymouth and the base of the Pence, fragmental 
zones at these horizons in the productive part of the range do not appear 
to be either as well developed or as widespread as the Pabst. The coarsely 
conglomeratic nature is generally not present, and it is believed that much 
of the so-called Ironwood conglomerates are allied in origin with the 
odlitic or concretionary developments present elsewhere in the iron for- 
mation. Some of them possibly represent short intervals of submarine 
erosion, but not on a scale comparable with that of the Pabst. 

There are, however, other suggestions of sedimentary conditions, which 
are rarely found in the Ironwood. At times during the deposition of the 
Pabst, fine clastic material was deposited to form evenly bedded muds 
that are now represented by the interbedded chloritic slates of the Pabst. 
In the eastern part of the Tyler district, the clastic material was coarse 
enough to form a sandstone in which feldspars were abundant. It is in 
these phases that one sees the beginnings of the Tyler type of sedimenta- 
tion. In the east, therefore, the initial Pabst sediments received clastic 
material from a source that supplied quartz and feldspar, although it did 
not contribute these materials to the western area. 

In addition to this clastic material, there were deposited in the Pabst, 
grains and abraded pebbles of hematite, representing pre-Pabst oxidation 
of the iron formation. Some of this material, undergoing later metamor- 
phism, is now in the form of incipient specular hematite. The evidence 
from the Aurora and Pabst properties suggests that, in places, considerable 
amounts of hematite, resulting from the erosion of an oxidized Ironwood, 
were deposited with the Pabst chert and cherty siderite. The sub-aerial 
exposure and weathering of the Middle Huronian is believed to be indi- 
cated in the character of the Pabst horizon. 
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The Pabst member, therefore, represents conditions that, on the whole, 
were different from those of either the Ironwood or the Tyler. Following a 
period of sub-aerial erosion, the seas advanced over the area, under condi- 
tions similar enough to those of the Ironwood to allow some deposition of 
cherts and iron carbonates, with periods of storm agitation of the shallow 
waters, during which there was rapid reworking of these sediments, with 
the deposition of the fragmental beds of the Pabst. During times of com- 
parative quiet, when no considerable amount of clastic material was being 
carried into the basin, even-bedded iron carbonates and cherts were de- 
posited, some of which escaped reworking. As the deposition continued, 
and as the seas advanced shoreward, the basin became deeper, and the 
periods of agitation decreased in number and intensity, until the conglom- 
eratic beds were no longer formed. With the advancing seas, a source of 
clastic material became available to the agents of transportation, and 
muds and sands were brought into the basin in increasing quantities, to 
be deposited with the iron carbonate precipitated from the waters, until 
typical Tyler deposition dominated. From then on until the time when 
the area was elevated above sea level and pre-Keweenawan erosion began, 
the Tyler graywackes and muds were deposited. 


STRUCTURE 


General Statement.—The average strike of the Tyler formation is about 
S 75° W, and the average dip is approximately 75 degrees to the north. 
Steeper dips are present, and in a few places the beds are almost vertical. 
The outcrops are, however, remarkably uniform in strike and dip. 

The suggestion (Allen and Barrett, 1915a, p. 75-76) has been made * 
that the great thickness of the Tyler—between 8500 and 9500 feet in the 
western productive portion of the range—is the result of repetition of beds 
either by thrust faulting or by close folding and drag folding. However, 
nothing was seen in the field to support either of these hypotheses. Some 
of the arguments against the existence of such structures may be sum- 
marized as follows: (1) No evidence of drag folding or faulting in any of 
the thin-bedded graywackes or black slates was found, and, although 
exposures are scattered, it is possible to see almost every horizon at some 
locality in the district. (2) There is no repetition of the Pabst horizon 
or of the sideritic slates immediately overlying the Pabst, out in the middle 
of the Tyler Valley. (3) Where road-cuts have exposed the weaker slates, 
there is no indication of reverse structure, or even of flattening of dip, such 
as would be apparent along the crests of minor drag folds. (4) The under- 
lying Middle Huronian iron formation is not affected by either of these 
types of structures. 


8L. P. Barrett: personal communication. August 1931. W. Seaman: personal communication. 
August 1931. 
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The balance of field evidence supports the belief that the Tyler forma- 
tion in the region from Iron Belt, Wisconsin, east to the eastern end of the 
Tyler outcrops has a simple structure consisting of uniform northerly 
dips, with no thickening of the formation as a result of thrust faulting or 
folding. 

The Tyler is cut by transverse faults, which extend from the Keweena- 
wan to the Lower Huronian. These have been described by Gordon (1907, 
p. 464-469) and by Hotchkiss (1919, p. 538). Where found in the iron for- 
mation and in the Keweenawan, these faults are approximately normal to 
the strike of the beds and are nearly vertical. The displacement decreases 
to the south, as described by Hotchkiss, and was correctly interpretated 
by him as representing a disappearance of the faulting with depth, the 
faulting having occurred when the beds were essentially horizontal. There 
is no direct evidence of this type of faulting in any of the outcrops of the 
Tyler formation in the area studied. 


Secondary Structure—The only drag folding seen in the Tyler was in 
the massive carbonate and chert member exposed along the Black River, 
800 feet above the base of the Pabst. The normal dip here is between 60 
and 70 degrees to the north. The crest of the small anticline, less than 5 
feet. wide, is marked by large, irregularly disposed blocks of dark chert, 
some of which show rounding. For a few feet the reverse dip of the beds 
is noticeable. Where the beds are again exposed, less than 10 feet up- 
stream to the south, the dip is normal, and so continues throughout the 
rest of the exposure, which is of rather large extent. The presence of 
chert breccia in the specimens from the same horizon north of the Davis 
mine is taken to indicate the same structure in the beds at that locality. 
This drag folding, produced during the major folding of the region, is a 
normal structure, unusual only in that, in the western district, it is the 
only expression seen of movement that might ordinarily be expected to 
produce abundant similar features. 

The major folding of the region during the Keweenawan did not produce 
fracture or flow cleavage in the Tyler graywackes and slates in the area in 
which these beds were studied, and the absence of these secondary struc- 
tures is a noticeable feature of the formation. The development of the 
Lake Superior geosyncline was, in this area, not accompanied by com- 
pressional folding such as would produce fracture or flow cleavage. There 
appears to have been, rather, a simple tilting of the strata to the north, 
as the result of either block faulting or collapse, as the support from be- 
neath the center of the synclinal area was removed. The best explanation 
of this type of crustal failure is probably found in the large outpourings 
of lava that occurred during the Middle Keweenawan, with a subsequent 
failure of the earth’s crust along the present geosyncline. The presence 
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of secondary structure in the rocks of the Copps area, and its occurrence 
where there is evidence of a late granite, will be discussed. 

There are, however, two localities in which abnormal secondary struc- 
tures are found. Near the Ironwood golf course, in the southeast quarter 


VERTICAL SECTION LOOKING WEST 


RELATION OF CLEAVAGE TO 
BEDDING IN TYLER SLATE. 
SEC.13, R.47W. ANTI- 
CLINE INDICATED TO NORTH 


— 1 INCH 


Fiaure 3—Anomalous fracture cleavage in the Tyler slate 
Near Ironwood, Michigan. 


of the southwest quarter of section 13, T. 47 N., R. 47 W., a small outcrop 
is composed of finely laminated, fine-grained graywacke, with planes of 
parting parallel to the bedding and one-quarter to three-quarters of an 
inch apart. The strike is S 68° W, and the dip of the beds is 78 degrees to 
the north. This is in perfect uniformity with normal adjacent exposures. 
Some of the beds contain what appears to be fracture cleavage, the dip of 
which is also to the north, at a less steep angle. The intersection of these 
partings on the bedding surfaces is essentially horizontal (Fig. 3). 


| 
NN 
\ NIN 
N 
\ SS 
AN 
| 


170 G. I. ATWATER—CORRELATION OF TYLER AND COPPS FORMATIONS 


Along a railroad-cut near the center of section 28, T. 46 N., R. 2 E., 
north of Montreal, Wisconsin, there is an excellent exposure of massive 
graywacke and interbedded dark slate and fine, thin-bedded graywacke. 
The average strike is S 70° W, and the average dip is 70 degrees to the _ 
north. Throughout the whole exposure the weaker beds between the 
massive graywackes exhibit fracture cleavage that dips to the north less 
steeply than the bedding. The trace of the cleavage on the bedding is 
horizontal. 

These two exposures of fracture cleavage would seem to indicate a 
structure in the Tyler that is anomalous with other evidence gathered by 
the writer in the field, as well as with results of other workers in the area. 
With structures of this sort present, it is difficult to understand how the 
rest of the formation persistently escaped the development of secondary 
structure. The obvious interpretation indicates an anticline to the north 
with overturned beds, and suggests tight, isoclinal folding of the Tyler. 
The reasons why this interpretation does not seem correct have been re- 
viewed. Also, in these specific instances, both outcrops are sufficiently 
surrounded by exposures so that, if the beds were tightly folded, other 
evidence of the folding should be found. 

The writer can offer no explanation for these facts with any feeling of 
certainty. It must not be forgotten, however, that a later period of stress, 
acting upon the beds in a different direction from the force that tilted the 
strata of the region to the north, may have superimposed these structures 
upon the already northward-dipping Tyler. It is more probable, however, 
that a pre-Keweenawan period of folding imposed these structures upon 
the beds, after which they were tilted into their present position during 
the Keweenawan. An early thrust from the southeast in pre-Keweenawan 
time has imposed just such anomalous structures on the Palms quartzite 
at Wakefield, just south of the Sunday Lake mine. 


SUMMARY 


The main body of the Tyler formation consists of massive and thin- 
bedded graywacke, with minor proportions of interbedded dark slate. 
Black carbonaceous slates characterize the lower portions of the forma- 
tion, and are found above the fragmental beds and ferruginous slates at 
the base of the formation. Massive dark chert and coarsely crystalline 
ferro-dolomite beds are associated with the ferruginous graywacke about 
800 feet above the base of the Tyler. 

The beveling of the beds of the Middle Huronian by the pre-Pabst 
erosion surface is indicated by the absence of the Anvil chert member in 
the vicinity of Hurley and Montreal, with erosion remnants of the Anvil 
present in the Montreal mine, and by the thickening of the slate beds 
(Eureka slates) above the Anvil eastward, away from the beveling. 
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The Pabst fragmental beds represent the deposition of iron formation 
of the same character as that deposited in the Middle Huronian, but under 
conditions of agitation that did not commonly prevail during the Iron- 
wood, so that the newly deposited beds were reworked to form conglom- 
erates. These disturbances are related to shallow-water conditions, which 
prevailed during the initial advance of the sea, following a period of ero- 
sion. Intermingled with the iron formation deposits of the Pabst are 
clastic sediments, which, from their distribution in the Pabst beds, appear 
to have come into the basin from the east. Hematite, probably derived 
from the weathered surface of the Middle Huronian during the pre-Pabst 
erosional period, was also deposited with the Pabst sediments. As dep- 
osition continued, greater amounts of clastic material were brought into 
the basin, with a corresponding decrease in the iron-formation deposition, 
so that the Pabst lithology grades upward through the ferruginous slates 
into the typical graywacke and graywacke slates of the Tyler. During 
this transition period there was a brief interruption in the deposition of 
clastic material, during which the precipitation of ferro-dolomite and 
massive chert took place. These beds represent the last evidence of the 
type of sedimentation that prevailed throughout the Middle Huronian, 
except that, as the waters no longer contained large amounts of iron, 
dolomites and non-ferruginous cherts were deposited in place of iron car- 
bonates and ferruginous cherts. 

The structure of the Tyler is that of a steeply north-dipping mono- 
cline, which is not complicated to any extent by drag folding or by faulting. 


COPPS FORMATION 

GENERAL DESCRIPTION 
The best map of the areal distribution of the Copps formation was pub- 
lished by Allen and Barrett (1915a, fig. 2A). They recognized the uncon- 
formity separating the Copps from the Middle Huronian and assigned the 
Copps to the Upper Huronian. They correctly described the phases 
of the Copps conglomerate as controlled by the nature of the underlying 
rock. They recognized the Copps lithology as characteristic of the Upper 
Huronian of the Marquette district, and used this as a partial basis for 
their correlation. They did not compare the Tyier and the Copps 
lithologies, however, and considered the Tyler to be late Middle Huronian 
in age, probably removed during the pre-Copps erosion. Although there 
is little to add to their lithologic descriptions, a brief review will be made 
of the Copps lithology for the purpose of comparison with that of the 


Tyler. 
LITHOLOGY 
General Statement—The major portion of the Copps formation is 
graywacke and graywacke slate of the same typé¢ as that described in the 
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Tyler. All phases found in the Tyler graywacke and dark slate are 
present in the Copps formation, and the descriptions will not be repeated. 
Because of greater deformation in the Copps area, however, both the 
slates and the graywackes, massive and thin-bedded, commonly show 
schistosity at varying angles to the bedding. Distortion of the slates as 
a result of drag folding is also present in some exposures. 

Where the Copps underlies the Keweenawan, the presence of iron oxide, 
coating the grains and disseminated throughout the matrix, gives a red 
color to the rock. This coloration dies out rapidly to the south, away from 
the Keweenawan, and is apparently related to the presence nearby of the 
pre-Keweenawan erosion surface. 

In the exposures in the western part of the Copps district the lower part 
of the formation is highly ferruginous, the iron being in the form of 
hematite and magnetite (Pl. 2, fig. 1). The rock in which these minerals 
are found is, however, essentially the same as the ordinary graywacke. 
Concentration of this iron content in alternating layers gives a color 
banding to some of the graywackes. However, lower horizons of the 
Copps graywacke east of section 15, T. 47 N., R. 43 W., throughout 
the area in which the Copps directly overlies the pre-Huronian basement, 
are not ferruginous to any degree comparable with lower horizons west 
of that locality. The Copps contains not only the graywackes and slates, 
but also several other phases of distinct lithology. 


Copps conglomerate.—The basal conglomerate of the Copps is best 
exposed along the north border of section 24, T. 47 N., R. 43 W., where it 
' rests on a complex crystalline basement. It is composed of cobbles and 
boulders, ranging up to several feet in diameter, in a matrix of weathered 
arkose and coarsely crystalline carbonate, which, on weathering, stains 
heavily with iron oxide. All phases of granite, from a gray gneissic type to 
fresh, pink, pegmatitic granite, are present in the conglomerate. Grani- 
tized hornblende and biotite schists, greenstone, vein quartz, and che:i 
pebbles are also present in minor amounts. 

West of this locality the Copps formation bevels across the already 
folded Middle Huronian, so that near the southwest corner of section 14, 
T. 47 N., R. 43 W., a mile west of the granite conglomerate, the Copps 
lies on extrusive greenstones of the Middle Huronian. The lithology of 
the basal beds changes abruptly within this short distance. The beds 
immediately in contact with the greenstone agglomerate are sandstone, 
composed of grains of quartz, feldspar, and chert, cemented with a car- 
bonate that is now partially oxidized to hematite, and containing a few 
angular pebbles that are dominantly granular white chert and quartz. 
Some sideritic graywacke is interbedded in the sandstone. The lithology 
in this locality remains rather consistent along the contact, which is com- 
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paratively well exposed, but 1100 feet west of the corner, as measured 
along the strike of the formation, greenstone pebbles, up to several inches 
in diameter, are intermingled with the chert pebbles in the sand and car- 
bonate matrix. 

Allen and Barrett (1915a, p. 55), report a drill hole that penetrated the 
conglomerate horizon in the northeast part of section 21, T. 47 N., R. 43 
W., a mile west of the outcrops just described. The Copps here lies on the 
iron formation, and the basal horizons contain pebbles of quartz, jasper, 
quartzite, and chert, surrounded by a matrix of graywacke with small 
amounts of iron oxide. 

Still farther to the west, in T. 47 N., R. 44 W., there is another lithologic 
phase of the basal Copps. In the northeast corner of section 25 and in 
the southeast corner of section 24, the conglomerate rests on Middle 
Huronian extrusive greenstones. The contact is not exposed, but the 
basal beds contain numerous pebbles of quartz, ferruginous chert, and 
slaty hematite, in a matrix that contains abundant feldspar, quartz, and 
jasper grains. Clastic mica and hematite are common. The hematite 
is of the hard, steel-blue variety, and gives a distinct bluish color to the 
rock. Chlorite, disseminated through the matrix, is also common, and 
represents the recrystallization of a fine mud, deposited with the other 
materials. Lenses and layers of slaty hematite are interbedded in the 
clastic material. 

In the center of section 14, and in the north-center of the same section, 
where the same horizon crops out because of faulting, the basal beds are 
well exposed close to the underlying greenstones. The rock is here a well- 
developed conglomerate, containing, in addition to the minerals already 
described, abundant greenstone pebbles, up to several inches in diameter. 
The original clastic grains of hematite, now present as hard, steel-blue 
hematite, are a distinctive feature of this rock (Pl. 1, figs. 5,6). The iron 
content is high, and the large amount of hard, blue hematite gives a pur- 
plish color to the outcrop. 


Massive Granular Cherts—Beds of massive, granular, black and tan 
cherts, interbedded in ferruginous sandstone, are present just above the 
basal sandstone conglomerate in the southeast of section 15, T. 47 N., R. 
43 W. Nodules and lenses of the chert are also found in the underlying 
sideritic sandstone and graywacke. Sufficient replacement of some of the 
chert by lead sulphide has taken place to cause an attempt to mine galena 
in this locality some years ago, and the old pit and dump in the southwest 
_ corner of section 14 shows considerable galena in the chert and sideritic 
sandstone. 

Near the north quarter post of section 21, T. 47 N., R. 43 W., massive, 
granular, tan and black chert is found well out in the Copps area, asso- 
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ciated with beds of magnetitic graywacke. The chert is only slightly fer- 
ruginous. If the structure of the Copps is that of a simple north-dipping 
monocline in this area, this horizon is considerable distance above the base. 
However, the lithology suggests the lower chert beds, and it may be pos- 
sible that folding, such as is known to have affected the Copps west of this 
point, or thrust faulting, has caused repetition of the lower Copps chert. 


Iron Formation.—Large test pits, 1050 feet north of the west quarter 
post of section 15, T. 47 N., R. 44 W., show the westernmost phase of the 
Copps formation in this district. Besides banded, dark-green, chloritic 
slates typical of the Copps, odlitic, ferruginous chert and sideritic chert 
are partially oxidized to red hematite. Some of the sideritic chert still 
shows the green color typical of the unoxidized iron formation. Inter- 
bedded in the odlitic chert are bands and lenses of hematite, that contain 
scattered odlites. The cherty odlites, on weathering, assume a white 
chalky appearance similar to that characterizing the Pabst odlitic horizons. 
Some of the chloritic slates are highly stained with red hematite, and all 
the slates show well-developed slaty cleavage crossing the bedding. Allen 
and Barrett (1915a, p. 54) placed this horizon in the Copps formation. 
The association with the green chloritic slates and red iron-stained sand- 
stone and graywacke, such as characterize the Copps where it underlies 
the Keweenawan, accords with this view. However, it is entirely possible 
that this isolated outcrop belongs in the Ironwood iron formation, for the 
structure in this western portion of the Copps area is obscure. 


SEQUENCE OF BEDS 


As in the Tyler formation in the west, the main body of the Copps for- 
mation is made up of graywacke, graywacke slate, and dark, fine-grained, 
chloritic and carbonaceous slate. No distinctive sequence of these beds 
above the basal horizons was apparent from a study of the region. 

The progressive lithologic change of the basal Copps, from the granite 
boulder conglomerate in the eastern part, through the sandstone con- 
glomerate near the Copps mine in section 15, T. 47 N., R. 48 W., to the 
highly ferruginous conglomerate containing a large amount of clastic 
hematite in the western part of the region, has been described. The 
sequence of the lower beds immediately overlying the Middle Huronian 
greenstones in section 15, T. 47 N., R. 43 W., is shown in Figure 4. Ap- 
proximately 120 feet of sideritic sandstone and graywacke, with inter- 
bedded chert, overlies the basal conglomerate zone, which is about 15 feet 
thick. Near the top of the chert horizon, where it passes into the overly- 
ing black slate, are the galena deposits. The carbonaceous black slates, 
showing well-developed schistosity and drag folding, all indicating tops 
of beds to the north, are about 60 feet thick, although this thickness prob- 
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ably varies along the strike. Overlying this are more beds of coarsely 
crystalline sideritic sandstone and granular chert, probably interbedded 
in graywacke, although little of this horizon is exposed. Slightly more 
than 100 feet above the top of the black slate the typical graywacke of the 
Copps crops out in a small bluff along the north side of the creek bed. 


SIGNIFICANCE OF THE COPPS CONGLOMERATE 


From the descriptions given, it is apparent that the Copps rests un- 
conformably upon beds of widely different ages, and is separated from the 
Middle Huronian by an erosion period of major importance. In the east, 
it lies on a granitic basement which has been termed Archean by Irving 
and Van Hise (1892, pl. 2) and by Van Hise and Leith (1911, pl. 16), and 
post-Middle Huronian and pre-Copps by Allen and Barrett (1915a, p. 
50-54). To the west, it truncates the Middle Huronian, lying successively 
on the Palms, the Ironwood, and the extrusive greenstones of the Middle 
Huronian. The conglomerate changes in lithology rapidly along this 
present strike of the formation. The progressive change westward in- 
volves a change from a large granite boulder conglomerate in the east, 
where the Copps rests on the granite basement, through a sandstone phase 
with some small pebbles, to a mixture of clastic and non-clastic material 
in the west, represented by a sandstone containing clastic hematite, with 
pebbles of iron formation and greenstone, interbedded with small lenses 
and layers of hematite similar to the iron formation of the Middle Huro- 
nian. This variation illustrates the rapid change in type of sedimentation 
when the present strike of the formation is roughly normal to the ancient 
strand line. The major uplift during the pre-Copps deformation took 
place in the eastern end of the Gogebic range. As the axis of the Keweena- 
wan tilting is east-west, at an angle to the earlier structural trends, the 
present line of outcrop extends from the ancient highland out into the 
basin of deposition, and just such a rapid change in lithology of the basal 
beds as is found in the Copps is what would be expected. The maximum 
erosion took place in the east, where the uplift was greater; whereas, 
away from the uplift, to the west, only limited erosion of the Middle 
Huronian was possible, although the duration of time in which the beds 
were exposed could be almost the same in both localities. With the ad- 
vance of the sea, at about the same time that the large-boulder conglomer- 
ate was deposited in the east, there was an intermingling of clastic and 
non-clastic sediments to the west. The lack of a large-boulder conglomer- 
ate in the west, where the Copps lies on the Middle Huronian greenstones 
and iron formation, suggests that the advance of the sea was not a slow 
progressive overlap to the east, with the formation of a large conglomerate 
along the advancing strand line, but, rather, a comparatively rapid en- 
croachment of the sea over an erosion surface of low relief, up to the 
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region in which the deformation was at a maximum, where the relief was 
sufficient to allow the formation of a large-boulder conglomerate. It, 
therefore, seems justifiable to postulate essentially contemporaneous depo- 
sition of the basal beds in both the eastern and the western parts of the 
district. 

The presence of many clastic hematite grains in the Copps conglomerate 
beds suggests pre-Copps oxidation of the Middle Huronian iron forma- 
tion, exposed on the surface during this erosional period. This phase of 
the Copps conglomerate closely resembles the Goodrich conglomerate of 
the Marquette district, and the sequence of events between the Middle 
and the Upper Huronian is believed to be the same for both districts. 


STRUCTURE 


With the exception of the infolding of the Copps in the area east of the 
Presque Isle River, no structural evidence was found that did not agree 
with Allen and Barrett’s (1915a, p. 60-61) interpretation of the structure 
of the Copps formation. In the southeast corner of section 15, T. 47 N., 
R. 43 W., the beds of graywacke are vertical or slightly overturned to the 
south, but cleavage and drag folding clearly indicate the syncline to the 
north, and the secondary structures in the black slates below the gray- 
wacke accord with this view. The strike of the formation is essentially 
east-west, and the dip to the north varies from 50 to 90 degrees or more. 

East of the Presque Isle River, in the southwest corner of section 19, 
T. 47 N., R. 48 W., and in sections 24 and 25, T. 47 N., R. 44 W., however, 
the Copps strikes around § 10° E, and dips about 65 degrees to the east. 
The formation appears to occupy a minor syncline, trending northeast- 
ward and plunging to the northeast. Allen and Barrett (1915a, p. 61) 
considered the possibility of the rocks in this locality being Tyler, lying 
below the Copps formation. The age of the deformation in this locality 
they considered may have been one of three possibilities: (1) The fer- 
ruginous graywacke may be equivalent to the Tyler of the west, and the 
deformation be post-Middle Huronian and pre-Copps. (2) The rocks 
may be part of the Copps, deposited in a basin formed by folding before 
the Copps was deposited. (3) The rocks may be part of the Copps, the 
deformation and folding taking place in this region post-Copps and 
probably during the Keweenawan. 

The rocks exposed along the northwest border of this syncline are 
similar lithologically to the Copps elsewhere, and the basal conglomerate 
is similar to the basal beds exposed in section 14, T. 47 N., R. 44 W. The 
writer believes that the folding that has preserved the Copps in this 
locality belongs to the same period of deformation that resulted in the 
series of faults that now strike northeastward, and affect the whole of the 
Huronian. However, this movement took place after the deposition of 
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the Copps and before the Keweenawan, for there is no evidence of this 
type of structure in the Keweenawan. It might, therefore, well be related 
to the post-Huronian, pre-Keweenawan diastrophism that also affected 
the Sunday Lake region of the Tyler district. The writer’s interpretation 
of the age of this deformation, therefore, differs from any of those pro- 
posed by Allen and Barrett. 

The fracture and flow cleavage and drag folds in the Upper Huronian, 
indicating the syncline to the north, may be related to the major Kewee- 
nawan tilting of the region. If so, the folding was of the compressional 
type, in contrast to the non-compressional tilting that affected the Tyler 
of the district, from the Montreal River east to the Black River. The 
possible relation of the presence of these secondary structures to the 
existence of a late granite will be discussed. As already indicated, how- 
ever, there is good evidence for believing that a post-Upper Huronian and 
pre-Keweenawan period of folding has affected both the Tyler and the 
Copps regions. It is possible that this period of folding imposed these 
secondary structural features upon the Copps, which was later tilted to 
its present position during the Keweenawan. The sequence of structural 
events of the eastern Gogebic district, following the Middle Huronian, 
may be summarized as follows: 


(1) Post-Middle Huronian uplift, greatest in the eastern end of the 
range and decreasing westward. This was accompanied, on at least the 
western border (the only side now exposed) of the major uplift area, by 
a relatively narrow belt of folding of the Lower and Middle Huronian. 
These folds are now beveled by the Upper Huronian Copps formation. 

(2) Post-Upper Huronian and pre-Keweenawan folding. This period 
of diastrophism apparently affected not only the eastern Gogebic area, 
where it produced the northeast-plunging minor syncline east of the 
Presque Isle River, but also developed the close folding, striking north- 
eastward and affecting the great Upper Huronian area that embraces 
the Marenisco, Turtle, Manitowish, and Wolf Lake ranges. It has already 
been pointed out that the structure at Sunday Lake in the Tyler district 
is related to this period of diastrophism. Considering the Gogebic range 
as a whole, however, this period of folding affected only local areas, so 
that over much of the range the Keweenawan is structurally parallel to 
the underlying Huronian. This period of diastrophism found its greatest 
development in the area south and east of the Gogebic range. 

(3) Keweenawan tilting of the region to the north along an east-west 
axis that, in the eastern Gogebic, intersects the northeast-southwest struc- 
tural trends of the earlier folding. 

SUMMARY 

The major portion of the Copps formation is composed of graywacke 

and graywacke slate of the same type as that in the Tyler. Black 
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carbonaceous slates overlie the massive chert and sideritic graywacke 
and sandstone beds that are found above the basal horizons of the forma- 
tion. Where the Copps overlies the Middle Huronian iron formation the 
lower beds are highly ferruginous. 

The Copps formation is separated from the Middle Huronian by an 
unconformity, which represents the removal of a great thickness of beds, 
the amount of erosion being greatest in the eastern end of the district, 
where the granitic basement was exposed, and becoming increasingly less 
to the west, so that the Copps rests on progressively younger beds toward 
the western end of the district. 

This westward decrease in the amount of erosion is reflected in the 
character of the Copps conglomerate, which changes from a large-boulder 
conglomerate where the relief was greatest to a conglomerate in which 
pebbles and sand grains were deposited along with non-clastic material, 
representing the last occurrence of iron-formation deposition such as char- 
acterized the Middle Huronian. In the basal conglomerate, hematite, 
representing the weathered debris from an exposed iron formation, is 
present. 

Because of the major unconformity separating the Copps from the 
Middle Huronian iron formation, and because of the correspondence in 
type of lithology of the Copps with the Upper Huronian of the other Lake 
Superior districts, the Copps is considered to represent the Upper Huronian 
of the Gogebic district. 

The present northward dip of the Upper Huronian is the result of the 
Keweenawan tilting of the strata of the region to the north. The local 
structure that preserves the Copps formation in a minor northeast-plung- 
ing syncline is related to an earlier period of deformation, which followed 
the Huronian but preceded the Keweenawan. 


CORRELATION OF THE COPPS AND THE TYLER FORMATIONS 


The main body of both the Copps and the Tyler formations is com- 
posed of graywacke and graywacke slates of similar lithology, repre- 
senting similar conditions of sedimentation. This lithology constitutes a 
distinct type, not common in the Lower or the Middle Huronian, but char- 
acterizing the Upper Huronian through all the Lake Superior districts. 

The lower horizons of both formations are characterized by dark chlo- 
ritic and carbonaceous slates. These slates are interbedded with the gray- 
wacke at higher elevations, but probably do not constitute a major phase 
of the main body of the formations. Ferruginous slates and graywackes 
are present in the lower horizons below the carbonaceous slates and inter- 
bedded with, and just above, the basal conglomerates of both the Tyler 
and the Copps. Thick-bedded, granular cherts and carbonate beds are 
found in the lower portions of both formations. 
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Both the Copps and the Tyler formations are separated from the Middle 
Huronian by an unconformity at their base. The spectacular uncon- 
formity at the base of the Copps is the result of erosion of an area of 
comparatively high uplift, with the surface relief decreasing rapidly to 
the west. In the Tyler district the unconformity is much less marked, 
although, locally, beds approximately 300 feet thick have been removed. 

The evidence for the correlation of the erosion surface at the base of 
the Copps with that separating the Tyler from the Middle Huronian Iron- 
wood is seen in the character of the overlying sediments. The progressive 
westward change of the Copps conglome:ate is continued to the west in 
the Tyler region in the Pabst horizon, spanning the gap in outcrop in the 
vicinity of Sunday Lake, where the Upper Huronian is removed by 
erosion. Exposures of the basal beds of the Copps, in T. 47 N., R. 44 W., 
show the intermediate phase between the granite boulder and arkose con- 
glomerate of the eastern Copps and the iron formation conglomerate of 
the basal Tyler. Throughout this region, detrital hematite, chert, and 
jasper, derived from the eroded Middle Huronian, and primary cherty 
lenses and layers of hematite and slaty hematite, are interbedded with 
clastic quartz and feldspar grains and pebbles of greenstone derived from 
the extrusives and granite exposed on the pre-Copps surface. The detrital 
material, derived from the iron formation and deposited with chert and 
hematite precipitated directly from the waters of the basin, represents 
the Pabst phase of sedimentation ; whereas the pebbles of quartz, feldspar, 
and greenstone represent what may be termed the Copps conglomerate 
phase. What is considered as the westernmost representation of this tran- 
sition zone is present in the eastern part of the Tyler district, on the Tyler 
side of the Sunday Lake gap, in section 12, T. 47 N., R. 46 W., where there 
is a large amount of clastic quartz, feldspar, and mica intermingled in the 
phases of the Pabst typical of that horizon to the west. 

The picture thus sketched of the progressive change in lithology of the 
Copps conglomerate along a line normal to the pre-Copps strand line, into 
the basin, may, therefore, be extended into the Tyler district, with the 
evidence of unconformability between the Middle and the Upper Huronian 
becoming increasingly less until, in the region west of Penokee Gap, Wis- 
consin, well out in the basin, the two series are apparently conformable. 

The Tyler and the Copps formations rest unconformably upon the 
Middle Huronian, and are separated from that series by an erosion period 
of major importance. They are composed dominantly of the same type of 
clastic sediments that characterize the Upper Huronian of the other Lake 
Superior districts and, in addition, contain, near their base, similar hori- 
zons of distinctive lithology. For these reasons, the correlation of the 
Copps and the Tyler formations is believed to be correct, and they are 
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considered to be representative of the Upper Huronian of the Marquette 
district. Under the rule of priority, the term “Tyler” is applied to these 
beds in the Gogebic district. 


RELATION OF ORE CONCENTRATION TO EROSION SURFACES 


The evidence for the oxidation of the Ironwood iron formation during 
the pre-Upper Huronian erosion period has been presented in the descrip- 
tions of the abraded clastic hematite, now in the form of hard, steel- 
blue hematite and incipient specularite, in both the Copps and the Pabst 
conglomerates. The rich-ore horizon of the Pabst in the Aurora and 
Pabst mines is considered as confirmatory evidence for this hypothesis of 
pre-Tyler oxidation of the iron formation. In these places, as already 
reported, the original deposit is believed to have consisted of considerable 
amounts of detrital hematite, the iron content in beds associated with 
unoxidized siderite being as high as 50 per cent. In the Copps area, 
where the Middle Huronian iron formation underwent marked erosion, 
the lower horizons of the Upper Huronian are much more ferruginous 
than in the Tyler district, where the iron formation was little eroded. 

It is not believed, however, that any major development of ore took 
place during the pre-Tyler erosion period. Nevertheless, during this 
time, the Middle Huronian was exposed over most of the Gogebic district, 
including the productive part of the iron range in Michigan and Wiscon- 
sin, and weathering resulted in a partial oxidation of the ferrous minerals 
in the iron formation, with a resulting decrease in volume and increase 
in porosity of the rock. On or near the surface, this oxidation of the 
siderite resulted in the formation of iron oxide, which was eroded, trans- 
ported, and deposited as the clastic hematite grains now found in the 
basal Upper Huronian horizons. 

More important, however, in the genesis of the ores of the Gogebic 
range was the opportunity for oxidation of the iron formation. This 
increase in porosity would result in a predisposition of the iron forma- 
tion for later leaching, forming channels of access for the oxidizing and 
leaching waters that produced the major ore bodies after the intrusion 
of the Keweenawan dikes and the beginning of the regional tilting of the 
strata. The position of most of the ore bodies is, therefore, considered 
to be influenced by two major factors: (1) the troughs formed by the 
intersection of the dikes with the footwall quartzite and interbedded 
slates, and (2) the pre-existing channels of the already oxidized, and 
therefore porous, iron formation. Where the iron formation was not 
already oxidized, but where the trough formed by the dike and the foot- 
wall were present, the development of ore would take place at a slower 
rate and under greater difficulties than where the circulating waters could 
move comparatively freely through the porous material. 


| 
| 
| 


182 G. I. ATWATER—CORRELATION OF TYLER AND COPPS FORMATIONS 


It has been known for many years that the regional uplift in the 
vicinity of the Sunday Lake-Brotherton mines, near Wakefield, Michi- 
gan, caused erosion of the Upper Huronian Tyler slates and exposure of 
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Ficure 5—Cross section and plan view of a portion of the Sunday Lake mine 
Showing relation of ore bodies to pre-Keweenawan unconformity. 


the Middle Huronian during the pre-Keweenawan erosional period. 
Gruner (1932, p. 197) referred to this in 1932. He said: 

“If these ore bodies (Chicago, Pike, and Brotherton mines) are due to circulating 
cold waters it is strange that none of them formed right on the erosion surface. The 
closest i is over 100 feet below the ancient surface, and most of them are much farther 
away. 

Cross sections and plans of the various levels in the Sunday Lake mine 
reveal, however, that ore is developed in direct relation to this surface, 
and lies immediately below the Keweenawan conglomerate. Figure 5 
shows a typical section in the Sunday Lake mine. Another ore body to 
the west of this cross-cut is bounded by the dike, which cuts northeast 
across the formation and dips southeast, the local footwall, parallel to 
the formation, and by the Keweenawan conglomerate, which is uncon- 
formable and has an irregular surface whose position cannot be pre- 
dicted. In one place in this mine the conglomerate strikes S 53° E, 
cutting across the bedding of the ore, which has a strike averaging 
S 80° E. Pickands, Mather, and Company geologists have based explo- 
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ration on the assumption that this pre-Keweenawan valley aided in the 
localizing of the ore, and ore has been mined immediately beneath this 
surface for some time, the north ore bodies having been a large factor in 
the tonnage at the Sunday Lake property. 

Only in those places, however, where the northern margin of the belt 
of post-Huronian and pre-Keweenawan orogeny extended far enough 
northward to include such portions of the Gogebic range as the Wake- 
field and the central Copps area did the pre-Keweenawan beveling expose 
the iron formation. In these places the erosion of the folds allowed 
meteoric waters to reach the Ironwood iron formation and oxidize the 
siderite, producing hematite, which was incorporated in the basal Kewee- 
nawan conglomerate. Further predisposition of the iron formation for 
subsequent ore development was accomplished by the oxidation of the 
iron formation along water channels connected with the surface in these 
folded areas. 

The major ore bodies, however, were not formed at this time. The 
clear relation of the ores of the Gogebic range to the faults and to the 
intersection of dikes and footwalls shows that the major development 
came after the intrusion of the Keweenawan dikes and during, and after, 
the Keweenawan tilting of the region. The dikes were intruded in essen- 
tially vertical positions before the beginning of the Keweenawan north- 
ward tilting of the Huronian that accompanied the development of the 
Lake Superior geosyncline, but none of the large ore bodies was formed 
until after this movement had been inaugurated. The writer found no 
evidence in the Gogebic district that did not favor the theory of ore con- 
centration by descending waters during the post-Keweenawan period of 
erosion, as recently restated by Leith, Lund, and Leith (1935, p. 24-26). 
The earlier oxidation of the iron formation in the places mentioned is of 
importance only in the discussion of ore genesis. 


AGE OF THE GRANITES OF THE GOGEBIC DISTRICT 
GRANITES OF THE COPPS AREA 


The granite area in the Copps district that lies south of the Huronian 
formations was described by Irving and Van Hise (1892, p. 122), who 
believed that there was only one granite, Archean in age, in the region. 
The intrusion of the Lower and Middle Huronian sediments of the Copps 
region by a granite was recorded by Allen and Barrett (1915a, p. 50-54), 
who described the metamorphism of the Palms quartzite and iron forma- 
tion by this granite. They considered all the granite in this area to be 
of one age, named it the Presque Isle granite, and, because they found no 
evidence of its intrusion into the Copps formation, dated it cites -Middle 
and pre-Upper Huronian. 


‘ 
| 
| 


' 184 G. I. ATWATER—CORRELATION OF TYLER AND COPPS FORMATIONS 


It now appears, however, that there is more than one granite in the 
Copps area. The latest granite, to which the term Presque Isle should 
be applied, is at least post-Upper Huronian in age. 

In the area mapped as Presque Isle granite by Allen and Barrett, indi- 
vidual outcrops consist of an old, generally gray, gneissic granite, inti- 
mately intruded by fresher granite that in places is pegmatitic in texture. 
This intermingling of granites of different ages is so thorough that the 
mapping of an outcrop as one type or other is an arbitrary matter. 
As described by Allen and Barrett, the Palms quartzite is highly meta- 
morphosed. Near the contact of the basement complex and the Copps 
formation in the eastern part of the district, some of the rocks in the 
granite area suggest sediments highly metamorphosed by contact action, 
and remnants of Lower or Middle Huronian sediments may be present. 

It is probable that at the time of the pre-Copps erosion period there 
was already more than one granite exposed to weathering in the eastern 
Gogebic district, for, as already described, cobbles of the older gneissic 
granite and fresher, pegmatitic granite are both found in the basal Copps 
conglomerate. It was the presence of this fresh, unaltered granite in the 
boulders of the Copps conglomerate that led Allen and Barrett (1915a, 
p. 54-57) to believe that the late granite was pre-Copps in age. However, 
granite of both types may be present in the pre-Huronian, as widely 
diverse phases are found in the pre-Huronian basement complex, with 
the basal Huronian sediments beveling uncontormably across them. South 
of Ironwood, Michigan, a red, coarsely crystalline and non-schistose gran- 
ite cuts across a finer, darker granite that is mildly schistose. The earlier 
granite contains schist xenoliths that show no marked orientation. Both 
granites are beveled by the Middle Huronian Palms quartzite. Scofield ¢ 
reports several places underground, on the 27th and 28th levels of the 
Newport mine, where later red granite dikes cut the older schistose granite, 
with both cut off by the unconformity and conglomerate at the base of 
the Palms formation. On the north shore of Lake Superior, there are two 
granites older than the Middle Huronian. The older of these, the Lauren- 
tian granite, cuts the Keewatin and is beveled by the Knife Lake series; 
the younger Algoman granite intrudes the folded Knife Lake series and is 
beveled by the unconformity at the base of the Middle Huronian. If the 
Knife Lake series is older than the Lower Huronian of the south shore, 
which is considered entirely possible by Leith, Lund, and Leith (1935, p. 
16-18), in their recent discussion of the age of that series, there are no 
sediments of equivalent age now present in the Gogebic district. With 
this interpretation in mind, it is possible that the older schistose granite 
and the younger red granite of the Ironwood area, as well as the granite 


*L. M. Scofield: personal communication. 
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in the Copps district that contributed to the basal Huronian conglomerate, 
may represent Laurentian and Algoman granites of the north shore. How- 
ever, in the absence of Knife Lake sediments south of Lake Superior, this 
hypothesis cannot at present be proved. 

In addition to the granites that contributed debris to the basal Copps 
formation, there is evidence for a post-Copps intrusion of ‘granitic solu- 
tions, believed to be representative of what has been termed the Presque 
Isle granite. Some of this evidence consists of veins containing an abun- 
dance of feldspar of various kinds, in the lower horizons of the Copps 
formation in the eastern part of the district. 

One of the best exposures of veins of this type is in the southeast corner 
of section 15, T. 47 N., R. 43 W., northeast of the Copps mine location. 
All the lower beds represented in Figure 4, as well as the underlying green- 
stone, are cut by feldspar-quartz veins, which vary from a few millimeters 
up to several centimeters or more in width (Pl. 2, fig. 2). The veins 
reach their maximum development in the soft black slates, which show 
considerable distortion; this may be related to the intrusion of the vein 
material. Most of the feldspar is untwinned albite, deeply stained with 
iron oxide, and, with the quartz, is oriented normal to the walls of the 
vein. Some of the larger veins cutting the black slate are dominantly 
quartz, but contain abundant penninite along the margins, representing 
the addition of material from the chloritic slates. Calcite is common in 
these veins. The mineralization of the lower chert beds of the Copps that 
resulted in the lead sulphide deposits at this place, already described, is 
considered as confirmatory evidence of igneous activity affecting the 
Upper Huronian of the Copps district. 

Farther to the east, in the southeast quarter of section 20, T. 47 N., 
R. 42 W., beds that are probably about 1200 feet above the base of the 
formation are cut by veins that contain scattered crystals of oligoclase 
(near andesine), penninite, and, rarely, chloritized biotite. These veins 
are, in turn, cut by albite-rich veins (PI 2, fig. 5). 

In the easternmost outcrops of the basal Copps formation, just above 
the conglomerate, the fine-grained graywacke slate is likewise cut by veins 
of two types (PI. 2, figs. 3 and 4). The first set contains untwinned albite 
and quartz, and is of the same type as described from the lower horizons 
northeast of the Copps location. Later than these are veins with an 
aplitic texture, containing quartz and sanidine, the high-temperature feld- 
spar, which has intricately invaded the graywacke and apparently re- 
placed some of the original material. The earlier veins, like the ore 
described from the occurrence to the west, appear to be largely fillings 
of joints. 

In this same exposure, also apparently above the conglomerate, large 
pegmatites containing albite crystals more than an inch across are highly 


| 
| 
| 
| 


186 G. I. ATWATER—CORRELATION OF TYLER AND COPPS FORMATIONS 


brecciated and shattered, the cracks being filled by fresh, unaltered albite, 
quartz, and chlorite. This extreme brecciation appears to be confined to 
the larger pegmatites near the contact. 

The presence of these sanidine-quartz and plagioclase-quartz veins in- 
vading the lower horizons of the Copps formation suggests a granite in- 
vasion of the Copps area following the deposition of the Upper Huronian. 
If these veins are apophyses of the Presque Isle granite, which they appear 
to be, this granite must be considered to be at least post-Copps in age. 
The veins are considered to have been deposited from solutions rising from 
the main magma, probably over the locus of secondary cupolas on the 
magma mass below. This granite appears to have invaded the basement 
complex much more easily than it could the Upper Huronian graywackes, 
sending small pegmatitic veins into the overlying graywacke and slate 
horizons in only a few places. In the Marquette and Crystal Falls dis- 
tricts, late granitic intrusions exhibit similar relations to the Upper Hu- 
ronian, being stopped at contacts for considerable distances along the 
strike, and intruding the younger sediments with apparent difficulty. 

The upper slate of the Marenisco range, which crops out at the south 
end of Lake Gogebic, within 2 miles of the easternmost outcrops of the 
Copps formation, contains at this place and at Nelson Canyon, just south- 
west of Lake Gogebic, large and abundant feldspar-quartz veins similar 
to those described from the Copps formation. Where intruded by these 
veins, the dark slates show intense shearing, just as do the basal slates 
of the Copps where the feldspar-quartz veins reached these beds. 

Allen and Barrett (1915a, p. 75-77) correlated the Marenisco slate with 
the Tyler slate of the western Gogebic, and recorded the intrusion and 
metamorphism of the Marenisco slate by the Presque Isle granite. Fol- 
lowing their classification of the western Gogebic, they dated these slates 
as Middle Huronian and, therefore, pre-Copps. The writer, however, 
correlates the Tyler and the Copps, and there appears to be no evidence 
against the equivalency in age of the Copps formation with the upper 
slate of the Marenisco range. The strike of these beds swings around the 
eastern end of the granite area of the Copps district, and appears to con- 
nect with the projected strike of the Copps formation. The lithology is 
similar, corresponding to the Upper Huronian type of graywacke and 
graywacke slate. 

In addition to the presence of feldspar-quartz veins in the Marenisco 
slates, similar to those described in the Copps formation, the Presque Isle 
granite actually reached the Marenisco slates and intruded and metamor- 
phosed them. Accepting the correlation of the Tyler-Copps-Marenisco 
formations, all phases of intrusion of the Upper Huronian by the late 
granite are present, from the small feldspar-quartz veins to the actual 
intrusive contact of the granite with the sediment. 
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GRANITES OF THE TYLER AREA 


Descriptions of the oldest gneissic granite cut by dikes of red, coarsely 
crystalline granite, both of which are beveled and overlain by the basal 
Huronian quartzite and conglomerate, have already been given. They 
may be phases of the Laurentian granite, or, as explained, the younger 
granite may represent the Algoman granite of the north shore. 

In addition to these granitic invasions, albite-quartz veins of the type 
described from the Copps district were found in the Tyler slates in the 
southeast part of section 11, T. 47 N., R. 46 W., about a mile east of 
Bessemer, Michigan. The massive graywacke contains many quartz 
veins, some of which carry abundant small, untwinned albite feldspars, 
stained with iron oxide. Along the contacts, the feldspars have replaced 
the original material of the graywacke to a greater extent than is common 
in the veins of the Copps district. Because of the similarity of the occur- 
rence in the Tyler with that in the Copps, the same interpretation is placed 
on the albite-quartz veins in the Tyler district. They suggest uppermost 
extensions of solutions from a granitic magma that managed, in this 
locality, to reach up through the graywacke to this level. However, be- 
cause of the restricted occurrences of the veins, and because of the lack of 
contact effects in the underlying iron formation, the productive part of the 
Gogebic range is believed to have been far enough to the north of the belt 
of post-Huronian orogeny to have escaped the granite invasion that folded 
and metamorphosed the region to the south and east. 

It is worthy of note, however, that there is some late mineralization in 
the Middle Huronian, even in this area. R. E. Tuttle, engineer at the 
Cary mine, found a small vug containing crystals of native copper, about 
12 feet north of the footwall on the 28rd level. Scofield * reports sulphides 
from the conglomerate at the base of the Palms, in order of prominence, 
as follows: galena, pyrite, chalcopyrite, bornite, pyrrhotite, molybdenite, 
and sphalerite. 

In the western end of the Gogebic district, near Mellen, Wisconsin, a 
late granite has intruded and metamorphosed not only the Upper Huronian 
Tyler slates, but the middle Keweenawan as well. It has been mapped 
and described by Aldrich (1929, p. 119-122, 247), and Leith, Lund, and 
Leith (1935, p. 11, 18-20), have discussed its significance in relation to 
the problem of the age of the late granite intrusion of the south shore. 
Because the age of a late pre-Cambrian granite invasion has been defi- 
nitely established at this place, and because this occurrence is important 
in the problem of the age of the so-called “Killarney” granites, the desig- 
nation of this granite as the Mellen granite is considered justified. 

The date of the Mellen granite intrusion is later than the Keweenawan 


5L. M. Scofield: personal communication. 
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folding of the region, for the granite intrudes the north-dipping middle 
Keweenawan lavas and intrusives north of the Tyler, and extends south- 
ward into the Upper Huronian graywacke, with the contact effects de- 
creasing to the south (PI. 2, fig.6). This period of granite intrusion may 
thus be correctly related to the orogeny that developed the Lake Superior 
geosyncline in Keweenawan times. 


SUMMARY 


The Huronian of the Gogebic district lies, in places, unconformably 
upon an ancient granite complex, which is classified as Laurentian, but 
which may contain granites of two different ages. 

In the eastern, or Copps, area the Huronian is intruded by a granite to 
which the name Presque Isle has been applied. This granite has meta- 
morphosed to a considerable extent the Middle Huronian, as reported by 
Allen and Barrett. In addition, the Tyler and the Copps formations con- 
tain feldspar-quartz veins, which appear to be related to a granitic intru- 
sion. Further evidence of a late granite intrusion of the Upper Huronian 
is found in the pegmatites of the eastern exposures of the Copps formation, 
the mineralization of the basal chert beds of the Copps, the spotted slates 
of the Tyler, and the granitic intrusion of the Marenisco slates, which are 
correlated with the Tyler and the Copps formations of the Gogebic dis- 
trict. The youngest granite of the Copps is considered, therefore, at least 
post-Upper Huronian. No direct evidence of intrusion of the Keweena- 
wan by this granite has been found. The term, Presque Isle, is properly 
applied to this granite. 

It should be pointed out that, in the pre-Cambrian, mountain building 
was accompanied by batholithic intrusion, and that the diastrophism that 
occurred in the eastern end of the Copps district between the Middle and 
the Upper Huronian suggests the presence of a nearby granite. All that 
can be said at the present time is that there is now no evidence for the 
separation of the late granite in this area into two periods of granite 
intrusion, and, until later work on the granite is done, the younger age 
must be taken for the Presque Isle granite. 

In the western end of the Gogebic district, the Upper Huronian Tyler 
slates and the middle Keweenawan have been intruded by the Mellen 
granite; that granite may be dated as post-middle Keweenawan. 

The most important problem of these granites is that of the age 
relationship between the Presque Isle granite of the eastern Gogebic and 
the Mellen granite of the western end of the district. Leith, Lund, and 
Leith (1935, p. 11, 18-20) used the definite post-middle Keweenawan age 
of the Mellen granite as a partial basis for assigning all the late granites 
of Wisconsin and Michigan to that period of intrusion. They applied 
the term “Killarney” to all the late granites of the Lake Superior region. 
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They stated that, if the Killarney granites were earlier than middle 
Keweenawan, more evidence should be found of orogenic disturbance in 
the Upper Huronian before the deposition of the Keweenawan series south 
of Lake Superior. 

Considering the Gogebic range as a unit, there is some structural 
evidence to indicate that the Presque Isle granite may, like the Mellen 
granite, be contemporaneous with the Keweenawan orogeny. In the 
Copps district where the Presque Isle granite is found, the Upper Huro- 
nian slates exhibit well-developed secondary structures, such as fracture 
and flow cleavage. These structures are also found in the Marenisco 
slates, where the late granite is likewise present. Throughout the cen- 
tral and eastern part of the Tyler district, where evidence of late granite 
invasion is almost entirely missing, the Upper Huronian slates and gray- 
wackes show no such structure. At the west end of the range, in the 
vicinity of the Mellen granite, the slates are also schistose. As a whole, 
the district was tilted to the north during the Keweenawan, and, except 
where the late granites are found, this tilting appears to have been ten- 
sional in character, without the development of the features that accom- 
pany compressional folding. Where the late granites are found, however, 
the folding appears to have been accompanied by compression, suggesting 
that the granites, or the forces that controlled the locus of intrusion of 
the granites, constituted a component of the late Keweenawan folding 
that did not exist elsewhere. 

Opposed to this interpretation, however, is the lack of evidence of intru- 
sion of the overlying Keweenawan by the Presque Isle granite. As has 
been pointed out, there is evidence of post-Huronian and pre-Keweena- 
wan folding in the Sunday Lake and Presque Isle River areas. In the 
Wolf Lake district, just southeast of Lake Gogebic, the Upper Huronian 
Paint slates are closely folded, the folds striking approximately N 60° E, 
and extending into, and under, the gently northward-dipping unfolded 
Keweenawan. The Wolf Lake granite cuts up through the infolded 
Paint slates, but, so far as is known, it is beveled by the pre-Keweenawan 
unconformity. The strike of the Huronian folding is the same as that of 
the Marenisco range and the pre-Keweenawan folding of the Copps in the 
Presque Isle River area. It also is in accord structurally with the postu- 
lated thrust from the southeast, which produced the Sunday Lake fault, 
where the pre-Keweenawan erosion exposed the Middle Huronian iron 
formation. The secondary structures present in the Copps may have 
been produced during this period of folding, rather than during the 
Keweenawan Lake Superior geosynclinal tilting. It is also possible 
that, in the Copps area, the already-present Presque Isle granite acted as 
a buttress, against which the Copps slates suffered compressional forces 
not active elsewhere during the Keweenawan tilting. 
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Considering these structural relationships, there is some reason for the 
belief that the late Presque Isle and Wolf Lake granites are older than 
the lower Keweenawan and, therefore, older than the Mellen granite. 
If this is correct, the post-Huronian and pre-Keweenawan period of 
orogeny affected the region south and east of the present Gogebic range, 
leaving, except for the eastern Presque Isle and Sunday Lake areas, the 
Gogebic range unfolded and unaffected by the diastrophism that accom- 
panied the pre-Keweenawan granite invasion. Throughout the greater 
part of the Gogebic range, therefore, the Keweenawan would be depos- 
ited upon the eroded but structurally undisturbed Upper Huronian, so 
that the Huronian and the Keweenawan are structurally conformable 
over much of the district. 

It is not necessary to assume a simultaneous invasion by a late granite 
of all the Lake Superior districts, or even of a single district. The late- 
granite invasion and accompanying diastrophism may cover a period of 
time from the late Huronian to late Keweenawan, with the orogenic belt 
moving progressively northward and toward the center of the slowly 
forming Lake Superior geosyncline as the end of the pre-Cambrian period 
was approached. 

CONCLUSIONS 


(1) The Tyler and the Copps formations are correlated and are con- 
sidered representative of the type Upper Huronian of the Marquette 
district. 

(2) The Upper Huronian of the Gogebic district is separated from 
the Middle Huronian by a major unconformity. After the deposition of 
the Middle Huronian, the area was uplifted and eroded. The uplift was 
greatest in the extreme eastern end of the district, so that the maximum 
erosion was at that place; whereas, away from the uplift, to the west, 
only limited erosion of Middle Huronian rocks took place. As the axis 
of the Keweenawan folding is approximately east-west, the character 
of the basal conglomerate of the Upper Huronian changes rapidly along 
the present strike as the basin of continuous deposition is approached, 
until, in the western end of the range, the contact between the Middle 
and the Upper Huronian is one of conformability. 

(3) During the pre-Upper Huronian erosional period the iron forma- 
tion was partially oxidized. This oxidation resulted in a predisposition 
of the iron formation for later leaching, forming channels of access for 
the downward-moving oxidizing and leaching waters, which produced 
the major ore bodies after the intrusion of the Keweenawan dikes and 
the beginning of the regional tilting. In a similar manner, post-Huronian 
and pre-Keweenawan orogeny and subsequent erosion resulted in the 
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removal of the Tyler slates and in the oxidation of the iron formation 
in the vicinity of Sunday Lake. 

(4) The Huronian of the Gogebic district unconformably overlies 
pre-Huronian granite or granites. In the eastern end of the district the 
Huronian is intruded by the Presque Isle granite, which is at least post- 
Upper Huronian in age. In the western end of the district the Mellen 
granite intrudes not only the Upper Huronian, but also the middle 
Keweenawan, which is the youngest age thus far proved for any granite 
in the Lake Superior Region. 
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PLATE 1—PHOTOMICROGRAPHS OF TYLER AND COPPS FORMATIONS 
Figure 1—MEDIUM-GRAINED, MASSIVE GRAYWACKE OF THE TYLER FORMATION 


Northwest one-quarter of northwest one-quarter of section 28, T. 46 N., R. 2 E., 
Wisconsin. Lower nicol. X13. Showing typical texture of graywacke. Grains 
angular, average size, % to 4%, millimeter. Quartz grains constitute about 30 per 
cent, feldspar, including orthoclase, microcline, and plagioclase, about 20 per cent. 
Rest of grains consist of chert, argillite, phyllite, clastic muscovite, biotite, and 
chlorite. Matrix dominantly chlorite and quartz, with sericite common. 


Ficure 2.—SporreD DARK SLATE OF THE TYLER 


Section normal to bedding. Southeast one-quarter of northwest one-quarter of 
section 13, T. 47 N., R. 47 W., Michigan. Crossed nicols. 63. Original clastic 
material was almost all below 42g millimeter. Narrow bands of slightly coarser 
quartz and feldspar grains appear as laminae in the rock. Fine-grained material is 
now a felted mass of sericite, quartz, and chlorite. Sericite oriented parallel to 
ae Darker spots practically free of sericite, suggesting contact metamorphism 
of the slates. 


Ficure 3—PAsst CONGLOMERATE 


Showing clastic hematite grains. Plymouth diamond drill hole 1-8. Southeast one- 
quarter of southeast one-quarter of section 7, T. 47 N., R. 45 W., Michigan. Lower 
nicol. 75. Angular clastic grains of quartz and feldspar, both of which show 
secondary enlargement, and clastic grains of red hematite and hard blue hematite. 
The four abraded dark grains are composed of hard blue hematite. From the distinctly 
clastic shape of these grains, and their relation to clastic grains of quartz and feld- 
spar surrounding them, origin as primary clastic grains of hematite is apparent. 
Apparently they cannot be result of alteration in place of unoxidized siderite or 
cherty siderite grains, both of which would have involved a reduction in volume. 
Their presence indicates pre-Pabst oxidation of underlying iron formation, erosion 
of resulting hematite, ae its deposition in the Pabst. Matrix is now composed of 
quartz, sericite, chlorite, and red hematite. 


Fiaure 4—ABRADED HEMATITE AND FERRUGINOUS CHERT GRAINS 


In Pabst conglomerate. Plymouth diamond drill hole 1-3. Southeast one-quarter 
of southeast one-quarter of section 7, T. 47 N., R. 45 W., Michigan. No nicol. 13. 
Fragments and pebbles of highly ferruginous chert and hematite. Matrix composed 
of grains of red hematite, hard blue hematite, and jasper, with chert and carbonate 
filling interstices. Ferruginous cherts show up as abraded pebbles of iron oxide and 
quartz; entirely black, smaller abraded grains are composed of hard, steel-blue 
hematite. No clastic quartz or feldspar grains present. 


Ficure 5.—Corrs CONGLOMERATE 


Western portion of Copps district, west of granite boulder conglomerate phase of 
eastern uplift area. Near center of section 14, T. 47 N., R. 44 W., Michigan. No 
nicol. 17. Pebbles and grains of quartz, feldspar, argillite, greenstone, clear chert, 
jasper, odlitic chert, red hematite, and hard, steel-blue hematite. Matrix largely 
interstitial quartz, which shows optical continuity with quartz grains. 


Ficure 6—Copps CONGLOMERATE 


Near center, section 14, T. 47 N., R. 44 W., Michigan. Lower nicol. 17. Same 
lithology as Figure 5, except that cementing material resembles recrystallized chert, 
originally deposited with dustin material, rather than quartz developed as secondary 
enlargement of grains. Dark areas are abraded hard, steel-blue hematite grains. 
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PLATE 2—_PHOTOMICROGRAPHS OF TYLER AND COPPS FORMATIONS 


Figure 1—MAGNETIC GRAYWACKE 


Lower Copps. Southeast one-quarter of northwest one-quarter of section 21, T. 
47 N., R. 43 W., Michigan. Lower nicol. 17. Typical graywacke with matrix of 
chlorite, sericite, biotite, and quartz. Large amount of late euhedral magnetite 
displacing quartz and feldspar. Feldspar replaced in process of growth of magnetite 
has recrystallized around magnetite. Recrystallized feldspar varies in composition 
from albite to labradorite, with possibly some orthoclase or microcline. 


Ficure 2.—ALBITE-QUARTZ VEIN 


Cutting graywacke of basal Copps. Southeast one-quarter of southeast one- 
quarter of section 15, T. 47 N., R. 43 W., Michigan. No nicol. 56. Vein con- 
taining albite and quartz (across center of figure) cutting cherty graywacke just 
below slate horizon (Fig. 5). Albite is untwinned and deeply stained with iron 
oxide. Quartz and feldspar are oriented normal to borders of veins. 


Ficure 3.—ALBITE-QUARTZ AND SANIDINE-QUARTZ VEINS 


Cutting massive, fine-grained graywacke near base of Copps. Southeast one- 
quarter of northwest one-quarter of section 28, T. 47 N., R. 42 W., Michigan. Lower 
nicol. X17. The graywacke slate is well shattered, and contains two sets of veins, 
one cutting the other. Older veins (upper right of figure) consist of albite and 
quartz. Quartz has crystallized in well-oriented sub-euhedral crystals normal to 
walls of vein; albite in euhedral crystals, with abundant disseminated inclusions of 
dust and iron oxide. Contact between slate and veins is sharp, vein material having 
no effect on slate. Later veins (lower portion of figure) composed of quartz and 
sanidine, the high-temperature feldspar. Texture of veins is aplitic, feldspar form- 
ing in euhedral crystals. 


Figure 4.—ALBITE-QUARTZ AND SANIDINE-QUARTZ VEINS 


Same as Figure 3. Crossed nicols. 14. Showing difference in texture between 
albite-quartz and sanidine-quartz veins. 


Ficure 5.—TExTURE OF ALBITE-QUARTZ VEIN 


Cutting fine-grained graywacke of eastern Copps. Northeast one-quarter of south- 
east one-quarter of section 20, T. 47 N., R. 42 W., Michigan. Lower nicol. 56. 
About 1200 feet above base of formation. Feldspar (untwinned albite) stands out 
in relief against quartz. Albite is free of impurities. Contact with vein is sharp. 
Albite-quartz veins contain more than 50 per cent feldspar. Some veins contain 
dominantly quartz, but in these, penninite, oligoclase, and chloritized biotite are 
seen, although the last is rare. Veins also contain some coarsely crystalline calcite. 
In hand specimen, albite-rich veins cut quartz-oligoclase-chlorite veins. Quartz of 
both veins shows strain. 


Ficure 6.—GRANITIZED GRAYWACKE OF THE TYLER FORMATION 


From vicinity of Mellen. Northwest one-quarter of section 1, T. 44 N., R. 3 W., 
Wisconsin. Lower nicol. 17. Contact phase of Keweenawan granite, showing 
development of albite and biotite in impure quartzite. Note elongated albite crystal 
replacing clastic quartz, with ghosts of six clastic grains showing in the feldspar. 

ite shows well-developed plagioclase twinning. Erystal shows zonal growth, but 
it was not possible to determine change in composition between nucleus and border. 
Nucleus shows marked deuteric alteration, in contrast to rim. Brown and green 
biotite, and some muscovite, have developed most abundantly in finer-grained, 
impure graywacke phases, but are also present in coarser quartzose sandstone. 
There has been little chloritization of biotite. 
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INTRODUCTION 


Lower Cambrian fossils were first discovered by Emmons in eastern 
New York almost a century ago. Since then, many specimens have been 
obtained from the Appalachian region, but the stratigraphy received little 
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attention. Recently, interest in the study of the early Paleozoic rocks of 
the Appalachians has revived. 

A. F. Foerste described the cystids. Consequently, the new genus Lepi- 
docystis and the species L. wanneri are to be attributed to him. 


THE APPALACHIANS 


In this paper the name Appalachians applies to a region characterized 
by a particular stratigraphic history and geologic structure and, there- 
fore, is not used in a physiographic sense. The region embraces the Appa- 
lachian Mountains from Alabama to eastern Pennsylvania, or the area 
to which the physiographic term usually applies. Inasmuch as similar 
stratigraphic conditions and geologic structure continue beyond Penn- 
sylvania, the term Appalachians must also embrace the Hudson and 
Champlain valleys, and the St. Lawrence Valley to the end of the Gaspé 
peninsula. Similar conditions prevail along the west coast of Newfound- 
land, along the Straits of Belle Isle, in northern Greenland, and even in 
northern Scotland. Therefore, as a stratigraphic term Appalachian is 
applicable from Alabama to northern Greenland and in northern Scot- 
land. It is so used in this paper. 


HISTORICAL SUMMARY 


Fossils of the Olenellus fauna were first discovered in northwestern 
Vermont about the year 1855. They were found in Georgia Township, 
Franklin County, and were sent to James Hall (1859, p. 525-529), who 
described and figured them as Olenus thompsoni, O. vermontana, and 
Peltura (Olenus) holopyga, and assigned them a late Hudson River age. 

A year later, Hall (1860) decided that two of his three species (thomp- 
soni and vermontana) did not belong to Olenus, and proposed the new 
genus Barrandia. He referred Peltura (Olenus) holopyga to another new 
genus Bathynotus. He stated that “in their general aspect and expres- 
sion” these fossils were of “what might be termed a ‘primordial type’ ”’; 
but he did not fully realize that they were much older than the Hudson 
River beds. Barrande (1861) detected the resemblance between Hall’s 
two species of Barrandia and fossils of the Primordial strata of Bohemia, 
and correctly deduced that the Vermont fossils were older than Hall had 
thought. Emmons believed that these fossils came from his Taconic 
System, which he placed below the Hudson River group; but he was not 
able to present convincing evidence to bear out his conviction. In 1886, 
Walcott presented a reasonably correct description of the Cambrian 
section of Georgia Township. But it was not until 1888, when Walcott 
discovered a somewhat similar fauna at Manuels, southeastern New- 
foundland, that it was possible to demonstrate to the satisfaction of 
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American stratigraphers that faunas of this type were of pre-Para- 
doxidian age, and hence Lower Cambrian. 

In the meantime, Hall (1862) discovered that his generic name Bar- 
randia was preoccupied and proposed Olenellus as a substitute. As time 
went on, the beds in which this and similar faunas occur came to be called 
the “Olenellus Zone.” 

Because located in Georgia Township, Vermont, the beds from which 
Hall’s fossils came, were named by Hitchcock (1861) the Georgia Group. 
However, this group included more beds than the Olenellus zone. Later, 
Walcott (1891) adopted Georgian for the entire Lower Cambrian epoch 
throughout the world. Still later, he substituted the term Waucoban, when 
it became clear that the Georgia of Vermont included beds younger than 
Lower Cambrian. In 1923, Keith named the beds containing the Olenellus 
zone the Colchester formation, which was subsequently changed to Parker 
formation. Outside Vermont the Olenellus fauna was first discovered by 
Atreus Wanner, within York, Pennsylvania. Walcott announced Wan- 
ner’s discovery in 1896, and correlated the trilobites with those in the 
Olenellus beds of Vermont. Wanner continued his study of the Cambrian 
in the vicinity of York, and in 1901 described a new species of trilobite 
Olenellus (Holmia) walcottana. Later, Walcott placed this species in the 
new genus Wanneria. 


MATERIAL AVAILABLE FOR THIS STUDY 


Good collections of Lower Cambrian fossils were available from the 
Lancaster and York basins, and from the vicinity of Georgia, Vermont. 
At other localities the collecting was incidental to mapping or other field 
work. Thorough collections were made under the direction of Walcott 
nearly forty years ago in Vermont and Pennsylvania. H. Justin Roddy, 
of Franklin and Marshall College, collected Lower Cambrian fossils for 
many years in Lancaster County, Pennsylvania, and his gifts to the United 
States National Museum include many of the more important specimens 
here described. Important collections available for this study were those 
of the United States National Museum, containing fossils from most 
localities; of the Peabody Museum of Yale University, outstanding for 
material from the Getz quarry; of the Paleontological Museum of Prince- 
ton University; and of the American Museum of Natural History. The 
last two collections consist largely of fossils from Fruitville. 


STRATIGRAPHIC UNITS OF THE LOWER CAMBRIAN 


It is not necessary to discuss in detail the Lower Cambrian stratigraphy, 
but in order to understand the position of the Olenellus zone a few facts 
need to be pointed out. 

Viewed in the light of conditions clearly revealed in the Cordilleran and 
other regions outside the Appalachians, the Rome formation remains in 
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the Lower Cambrian. On the other hand, it is proposed to remove some 
of the thick clastic strata customarily placed in the lower portion of the 


Lower Cambrian. 
The Lower Cambrian and older Paleozoic units and faunal succession 


may be expressed in tabular form (Table 1). 


Taste 1—Lower Cambrian and older Paleozoic stratigraphic units 


Formation Faunal Zone 
Kochiella 
Rome formation 
Olenellus 
a 
o Kootenia 
Shady formation 
Bonnia 
° Antietam sandstone Obolella 
3 g Hampton group 
at 
— . 
3 oO Unicoi “ (Lava flow) 


This table shows that the name Chilhowee was used for all the unfos- 
siliferous older clastic strata in the Appalachians. However, when the 
name was introduced it evidently did not apply to the Antietam or equiva- 
lent beds (Safford, 1856), for subsequent usage extended the term both 
geographically and stratigraphically. Many formations have been named 
in the Chilhowee series, all of which are applicable only locally, but the 
two groups Hampton and Unicoi (Campbell, 1899) seem to be recog- 
nizable over wide areas. 

The Antietam or equivalent quartzitic strata rest on the Chilhowee 
series in the Appalachian region. Several formational names are used 
north of Pennsylvania, and from southern Virginia to Alabama these beds 
are known as the Erwin formation. Accordingly, the initial Cambrian 
unit is the Antietam or Erwin or equivalent formations. This unit has 
a poorly preserved fauna characterized by Obolella, but also contains 
olenellid trilobites and a few other species. 

The next unit is calcareous, mainly dolomite, but also contains lime- 
stone and minor argillaceous beds. Several formational names apply in 
the north. From Pennsylvania to southern Virginia the beds are called 
Tomstown, and from southern Virginia to Alabama, Shady. The Bonnia 
fauna characterizes the lower portion of the Shady and Kootenia a some- 
what higher zone. Archaeocyathid reefs occur locally. 
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The final Lower Cambrian unit consists of shale, and sandy or cal- 
careous beds. Various names are also applied to these strata in the Appa- 
lachian region. Rome is used in the south and Waynesboro from Virginia 
to Pennsylvania. North of central Pennsylvania, exact correlation is not 
yet possible, but there is little doubt that the Parker of Vermont is 
equivalent to the Rome, at least in part. The Olenellus fauna is present 
in the lower portion of the Rome, and the upper beds are characterized by 
the Kochiella fauna. 


STRATIGRAPHIC POSITION OF THE OLENELLUS ZONE 


Olenellid trilobites occur throughout the Lower Cambrian, except in its 
upper beds. The designation Olenellus zone applies to shale layers in the 
fauna of which these trilobites-are conspicuous. Of course, it is possible 
that some occurrences express lithologic facies rather than a stratigraphic 
zone. But as long as available data do not require a different interpre- 
tation, it may be assumed that the Olenellus zone is essentially a strat- 
igraphic unit. 

The Olenellus zone is in the lower portion of the upper Lower Cambrian 
unit. The uppermost Lower Cambrian is characterized by the Kochiella 
fauna which lacks Olenellid trilobites. It is impossible to state the exact 
position of the Olenellus zone, either with respect to the Kochiella zone, 
or within the lower portion of the formation to which it belongs. The 
tabular arrangement of the Lower Cambrian units (Table 1) shows where 
the Olenellus zone belongs with relation to other Lower Cambrian faunas. 


DISTRIBUTION OF LOWER CAMBRIAN STRATA IN THE 
APPALACHIANS 


GENERAL STATEMENT 


More or less complete Cambrian sequences occur discontinuously 
throughout the Appalachians. Faunal affinities indicate that the Lower 
Cambrian of northern Scotland—as well as younger beds—is closely 
allied to beds of similar stratigraphic position in the Appalachians. 
Likewise, the Lower Cambrian of northern Greenland is distinctly related 
(Poulsen, 1932). 

In order better to understand the distribution of the Olenellus faunas 
the several areas of outcrop from Labrador to Alabama are briefly 
discussed. 

STRAITS OF BELLE ISLE 

Labrador series—Along the Straits of Belle Isle, between New- 
foundland and Labrador, Lower Cambrian beds rest directly on the 
crystalline rocks. These beds, which are known as the Labrador series, 
extend along the Labrador shore, as well as along the northwest coast 
of Newfoundland. 
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Bradore formation—The red and white unfossiliferous sandstones 
which range from 220 to 285 feet in thickness have been named the 
Bradore formation (Schuchert and Dunbar, 1934). No fossils (except 
Scolithus linearis) have been observed. 


Forteau formation—Conformably on the Bradore is the Forteau 
formation, consisting of variegated shales, archaeocyathid reefs, and 
sandy and oolitic limestones. In Labrador the incomplete Forteau is 
185 feet thick. A large fauna occurs in the limestones, and a few 
trilobites and brachiopods are also present in the reefs. This is a tyvical 
Bonnia fauna, and, as higher beds are lacking, the Olenellus zone is not 
represented. 

HIGHLANDS OF ST. JOHN AND HAWKE BAY 

These localities are on the northwestern coast of Newfoundland, south 
of the Straits of Belle Isle. In Bay St. John, the Bradore is not fully 
exposed, but more of the Forteau remains; hence, it is thicker than in 
Labrador. In addition, the Hawke Bay formation consisting of pink 
quartzite overlies the Forteau (Schuchert and Dunbar, 1934). 

Hawke Bay is south of Bay St. John. Here the section begins with 
the Forteau, which is overlain by the Hawke Bay formation. The latter 
consists of about 350 feet of sandstone or quartzite with considerable 
impure limestone and small amounts of shale. Ripple marks, sun- 
cracks, intraformational flat-pebble conglomerates, and algal deposits 
of the Cryptozoon type, show that the sediments were deposited in 
shallow water. Besides the cryptozoa, other fossils representative of 
Lower Cambrian genera are mentioned, but without study of the fauna 
it is impossible to correlate this formation, even though its sedimen- 
tary record and its stratigraphic position suggest a Rome equivalent. 

Nodular limestones with a Bonnia zone fauna, probably corresponding 

the Forteau formation, overlie the shales. 


ST. LAWRENCE VALLEY 


The same rocks and faunas as those along the Straits of Belle Isle 
are present at Lévis, opposite Quebec, at Bic, at other places on the 
south shore of the St. Lawrence, and on islands in the river. However, 
the Forteau fossils have been found only in limestone boulders in the 
conglomerates. 

WESTERN VERMONT 

Five sequences—Keith (1932) distinguishes five sequences involving 
Cambrian strata. From east to west the sequences are: the Green 
Mountain in the central Green Mountains; the Taconic in the Taconic 
Range; the Eastern in the Brandon-Rutland region; the Central in 
the St. Albans and Burlington region; and the Western in eastern 
New York. Except the last, these sequences are not in their original 
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geographic position, but doubtless have been moved by thrusting, as 
they are outcrops of the edges of overthrust sheets. 

Most of the strata in the three eastern sequences are referred to 
the Lower Cambrian, but, in the absence of fossils, definite correla- 
tions are not possible. Some of these strata are lithologically similar 
to, and may represent parts of, the pre-Cambrian. 

The Central sequence represents the typical Appalachian Lower Cam- 
brian, and tentative correlations are suggested. An excellent summary 
of Vermont Cambrian stratigraphy is found in Schuchert’s recent paper 
(1937). 

Monkton quartzite—The Monkton quartzite evidently begins the 
Lower Cambrian, having a thickness of 300 feet above a fault. The 
formation consists of red, variegated quartzites, shales, and dolomites 
and has shale partings which exhibit characteristic shallow water fea- 
tures. Fossils were reported from the formation, but it is possible that 
red sandy fossiliferous layers of the Winooski have been confused 
with the Monkton. Tentatively, this formation is correlated with the 
Antietam and its equivalents. 


Winooski dolomite—Next above is the Winooski dolomite, which 
furnishes the widely known mottled marbles. This formation consists 
of 250 to 400 feet of pink, red, mottled and gray dolomite. Species 
characteristic of the Bonnia zone are reported from a few pockets in 
the dolomite. 


Mallet dolomite—The Mallet dolomite overlying the Winooski, 
contains 100 to 800 feet of gray sandy dolomites, with cross-bedded 
quartzites. The scattered sand grains in the calcareous beds appear 
to be wind blown, like those in localities on the St. Lawrence River. 
Species characterizing the Bonnia zone are also reported from this 
formation. Consequently, the combined Winooski and Mallet may be 
equivalent to the Forteau or Schodack. It is possible that these two 
formations are variant phases of one formation. 


Parker shale—For the most part, the Parker shale consists of hard, 
brown-weathering, coarse-grained, usually micaceous, gray shale, much 
compressed by folding and thrusting. The formation is not uniform 
in lithological character, because, near its middle, there are beds and 
lenses of fine-grained buff or gray sandstone and sandy dolomite and 
what appear to be pebbles and boulders of similar composition, some 
of which attain a diameter of several feet. Near the type locality the 
formation is 300 feet thick, but it is thought to range from a thin 
film to more than 500 feet. 

The Parker contains the Olenellus fauna in the lower shales of the 
formation, and in the upper sandy beds with dolomite lenses and 
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boulders, a younger fauna appears, possibly equivalent to that of 
the upper Rome. Until the fossils are better known, their age remains 
uncertain. The Olenellus zone of the Parker contains the following 
species. 


Bathynotus holopygus (Hall) Paedeumias perkins Resser and Howell 
Dactyloidites asteroides Fitch Paedeumias transitans Walcott 
Dactyloidites edsont Ruedemann* Palaeophycus congregatus Hall 
Emmonsaspis cambriensis (Walcott) Palaeophycus incipiens Hall 
Leptomitus zitteli Walcott Planolites congregatus (Billings) 


Olenellus agellus Resser and Howell Planolites virgatus (Hall) 

Olenellus crassimarginatus (Walcott) | Protocaris marshi Walcott 

Olenellus thompsoni (Hall) Protypus hitchcocki (Whitfield) 
Olenellus vermontanus (Hall) Tuzoia vermontensis Resser and Howell 


Marcou (1861) called the Parker, Georgia slate and Walcott (1886, 
p. 145) repeated this name. Keith (1923) named it the Colchester, 
but later (1932) changed the name to Parker. 


Rugg Brook dolomite—The Parker is overlain by the Rugg Brook, 
which consists of about 20 feet of unfossiliferous dolomite conglomerate 
and is of uncertain age. Milton, the name of a younger formation, 
was erroneously applied to the Rugg Brook in some publications. 


SOUTHERN VERMONT AND EASTERN NEW YORK 


General statement—A Lower Cambrian sequence in southwestern 
Vermont and the adjacent portions of the Hudson Valley in New 
York probably connects northwestern Vermont with the Appalachian 
belt to the south. It is not clear how much, if any, of Keith’s Taconic 
sequence is involved in the series, but these are the beds which Emmons 
(1842) named the Taconic series. 

The best summary of the rocks in the Taconic region is that by 
Ruedemann (1930). His section, like all in the Appalachians, had to 
be pieced together from scattered belts of outcrop. In the brief résumé 
following this paragraph the alterations adopted to fit the Hudson Valley 
sequence to the normal Appalachian succession are indicated. 


Bomoseen grit—The oldest formation containing satisfactory index 
fossils is an olive-green grit which weathers red. It is Dale’s “olive 
grit.” About 200 feet are exposed in Vermont, but southward the 
formation thins to 50 feet. Obolella crassa Hall was evidently described 
from this formation. Its lithology and fossils show the Bomoseen to 
be the equivalent of the Antietam to the south, and probably also of 
the Monkton in Vermont. The Nassau beds, which Ruedemann described 
below the Bomoseen and also referred to the Lower Cambrian, are 
thought to be equivalent to the Chilhowee series. 


1 Rudolf Ruedemann [Paleozoic Plankton of North America, Geol. Soc. Am., Mem. 2 (1934) p. 30] 
placed this species in the Middle Cambrian St. Albans formation. 


7 
‘ 


204 RESSER AND HOWELL—-LOWER CAMBRIAN OLENELLUS ZONE 


Schodack formation—The Bomoseen grades upward into calcareous 
beds to which Ruedemann assigned the name Schodack, and which 
Dale called the “Cambric black shales.” It is possible that Ruede- 
mann’s Mattawee slate (Dale’s “Cambric roofing slate’) which crops ' 
out about Greenwich, New York, and in a belt eres from Pawlet 
to Fairhaven, Vermont, is also Schodack. 

The Schodack consists of thin-bedded limestone or dolomitic lime- 
stone, in varying alternations with black or greenish shale and calcareous 
quartz sandstone. The large fauna contains a great development of 
bivalve crustaceans, and otherwise varies from the typical Bonnia 
fauna; nevertheless, it is tentatively correlated with the Bradore to the 
north and the Shady of the south. 

As the Schodack is the youngest Lower Cambrian recognized in the 
Hudson Valley, Rome equivalents are not determinable. 


SOUTHEASTERN NEW YORK 


Poughquag quartzite—Another Lower Cambrian sequence is present 
in Dutchess County and the adjoining portions of New York. 

A white to light-buff quartzite rests unconformably on the planed 
gneiss. The formation ranges from 300 to 600 feet in thickness. The » 
basal beds are feldspathic quartzite, with fine-grained conglomerate 
layers. Obolella minor (Walcott), which is identified in the Antietam 
formation all the way to Alabama, was described from the upper layers. 


Stissing dolomite——White, thick-bedded dolomite beds overlain by 
hard red dolomitic shales and greenish dolomite rest conformably on 
the Poughquag. Lower Cambrian fossils occur in these rocks, but 
whether all the beds belong to one formation or to more is uncertain. 


LANCASTER AND YORK BASINS 


General statement.—Between the Delaware and the Potomac rivers 
a series of valleys or basins parallels the Blue Ridge on its southeastern 
side. These basins, in succession, include the Chester, Lancaster, York, 
and Frederick valleys. A Lower Cambrian sequence is generally present 
in these basins, which owe their topographic expression to weathering 
of limestones. 

The formations are described as one sequence, and little attention is 4 
paid to their variations along the strike. Structure is complicated, and 
mapping preceded a knowledge of the faunas. At present, it is impos- 
sible to reconcile the published stratigraphy of these basins with that 
in the remainder of the Appalachians, a situation which calls for further 
study of the faunas and the outcrops. The mapping by Stose and Jonas 
(1930) is followed in this discussion, and the discrepancies are noted in 
each instance. The beds below the Antietam are omitted. 
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Antietam sandstone—This formation consists of possibly 60 to 255 
feet of gray to brown sandstones. A granular fossiliferous quartzite 
occurs at the top. This formation appears to be identical with the 
Antietam west of the Blue Ridge. Some of the layers contain a great 
deal of iron, and fossils are fragmentary, but the genera Obolella, Ole- 
nellus, and Hyolithes can be recognized. 


Vintage dolomite—Dark-blue dolomitic beds, ranging in thickness 
from 250 to 1500 feet, contain a small but abundant Bonnia fauna in 
weathered beds near the top. Both the lithology and the fauna indicate 
correlation of the Vintage with the Shady of the southern Appalachians. 


Kinzers formation—Outcrops of this formation are usually conspicuous 
because of the hills which its shale makes. It consists of 150 to 200 feet 
of calcareous shales passing upward into impure limestones. The lower 
shales contain the following large fauna: 


Marpolia filosa Resser and Howell Olenellus jonasae Resser and Howell 
Dalyia annularoides Resser and Howell Olenellus nodosus Resser and Howell 
Dalyia pennsylvanica Resser and Howell Olenellus roddyi Resser and Howell 
Morania sparsa Resser and Howell Olenellus alius Resser and Howell 
Margaretia stosei Resser and Howell Olenellus nitidus Resser and Howell 
Margaretia ramosa Resser and Howell Olenellus latilimbatus Resser and Howell 
Leptomitus minor Resser and Howell Olenellus wanneri Resser and Howell 
Leptomitus walcotti Resser and Howell Olenellus peculiaris Resser and Howell 


Camptostroma roddyi Ruedemann Esmeraldina macer (Walcott) 
Ottoia ? sp. undet. Paedeumias yorkense Resser andHowel! 


Rustella ? sp. undet. Paedeumias eboracense Resser and 


Paterina roddyi Resser and Howell Howell 
Paterina sp. undet. Paedeumias glabrum Resser and Howell 


Lepidocystis wanneri Foerste Wanneria walcottana (Wanner) 
Pelagiella exigua Resser and Howell Lancastria roddyt (Walcott) 
Salterella acervulosa Resser and Howell Tuzoia dunbari Resser 
Hyolithes wanneri Resser and Howell Tuzoia getzi Resser 


Tuzoia nitida Resser and Howell 


Hyolithes exilis Resser and Howell 
Bonnia sola Resser and Howell 


Hyolithes sp. undet. 


Selkirkia pennsylvanica Resser and Protocaris marshi Walcott 

Howell Anomalocaris pennsylvanica Resser 
Eoagostus roddyi Resser and Howell Anomalocaris lineata Resser and Howell 
Olenellus getzi Dunbar Roddyia typa Resser 


Olenellus similaris Resser and Howell 


Many of the genera hitherto recognized only in the Middle Cambrian 


Burgess shale are present here. 
This fauna appears to correlate the Kinzers shale with the Rome forma- 


tion. 
Ledger dolomite—Above the Kinzers is a very pure, coarse-grained, 


light-gray dolomite, which weathers readily to a deep-red, granular soil. 
Thick limestone beds also occur. Exposures are rare, so that deter- 
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mination of thickness is difficult, estimates varying from 250 to 1000 feet. 
Fossils are seldom found in the Ledger. Quarries are common, both for 
the pure limestones and for the more magnesian beds, and zinc and lead 
were formerly mined. No equivalent formations have been recognized 
elsewhere. 


APPALACHIAN VALLEY BETWEEN THE HUDSON AND THE SUSQUEHANNA RIVERS 


Not much is known concerning the Lower Cambrian in the portion 
of the valley between the Hudson and the Susquehanna rivers, but the 
Antietam evidently correlates with the Hardyston sandstone in northern 
New Jersey. No examples of the Olenellus zone fauna have yet been col- 
lected in this region. 


APPALACHIAN VALLEY BETWEEN THE SUSQUEHANNA AND THE POTOMAC RIVERS 


General statement—Both the Chambersburg-Mercersburg (Stose, 
1909) and the Gettysburg-Fairfield folios (Stose and Bascom, 1929) 
describe Lower Cambrian sequences typical of the Appalachian Valley 
between the Susquehanna and the Potomac rivers. The older Harpers 
Ferry folio (Keith, 1896) introduces some of the formational names. 


Antietam sandstone —The Antietam sandstone, which is the same here 
as throughout the Appalachians, consists of quartzose sandstone, dense 
hard bluish rock in the lower part and a granular upper white-to-pink 
member, full of Scolithus cubes. A red sand is produced on weathering. 
The upper beds contain the usual fragmentary Obolella fauna. 


Tomstown formation—At places the Antietam grades up in the cal- 
careous Tomstown, which is the lowest of the formations previously in- 
cluded in the term Shenandoah limestone. The Tomstown is composed 
largely of dolomite and limestone, in part cherty and increasingly shaly 
toward the base. Its thickness, computed from width of outcrop, is given 
as 1000 feet. 

Fragmentary fossils indicate the presence of a typical Shady fauna. 


Waynesboro formation—Above the Tomstown, calcareous sandstones, 
red and purple shales and limestones, also 1000 feet or more in thickness, 
constitutes the Waynesboro formation. This formation is the northern 
extension of the Rome. 


APPALACHIAN VALLEY IN SOUTHWESTERN VIRGINIA 


Erwin sandstone.—A brief description of the Lower Cambrian in south- 
western Virginia will suffice as a sample of the normal development ex- 
tending from the Potomac River to the southern end of the Appalachians. 

As already stated, the Hampton and Unicoi groups of the Chilhowee 
series are regarded as Beltian; hence, the Lower Cambrian begins with 
the Erwin. As previously stated, the name Erwin replaces Antietam 
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from Roanoke southward. Lithologically the Erwin is the same as the 
Antietam. 


Shady dolomite—A separate description of the Shady is not neces- 
sary. Numerous fossils of the Bonnia and Kootenia zones were collected 
at Austinville, east of Wytheville, Virginia. 


Rome formation.—The type locality for the Rome is in northwestern 
Georgia. Everywhere the formation presents the same heterogeneous 
mixture of shales, impure limestone and sandy beds. Brilliant coloring 
is common, with various shades of red, purple, green, yellow, and white, 
all of which change abruptly. 

Somewhere in the lower portion of the formation, clay shales yield the 
Olenellus fauna. Toward the top the Kochiella fauna evidently is wide- 
spread. 

The Olenellus fauna of the Rome contains Olenellus romensis Resser 
and Howell and Hyolithes wanneri Resser and Howell. 


OLENELLUS FAUNA 
CHARACTERISTICS 


The lithologic similarity of Lower Cambrian strata in all parts of the 
world is astonishing, and this similarity is particularly noticeable in the 
shales bearing Olenellid trilobites. For the most part, these rocks are 
clay shales, in many places calcareous, but everywhere fine grained; 
the joint surfaces are almost universally stained with limonite, generally 
in dendritic form. Moreover, there was sufficient calcareous content in 
the original muds to prevent many tests from being completely flattened. 


PRESERVATION OF THE FOSSILS 


The shales of the Olenellus zone are famous for their entire trilobites, 
some specimens of which retain the soft parts. It is not clear why Olenel- 
lid trilobites are found entire more frequently than others, but several 
explanations suggest themselves. These trilobites had no large pygidium 
to care for in moulting, the loosely knit thorax and small pygidial plate 
offering no difficulties for the ready withdrawal of the soft parts. Fur- 
thermore, in the large cephalon, the presence of the unique marginal 
and the long epistomal plates completely separated all doublure portions, 
so that the soft tissues need not be withdrawn from deep pockets, but, 
except for the long eyes, could simply drop away from the test. This 
peculiarity in cephalic structure of these trilobites may also be the 
reason for the fused facial sutures. 

In addition to Olenellid trilobites, many other kinds of animals are 
represented in the Olenellus fauna, some of which had such delicate cover- 
ings that they are seldom found in fossil form. Their presence here is 
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no doubt due to the fine texture of the rock, which retains delicate impres- 
sions of soft parts so well that the Olenellus zone fauna is next among 
Cambrian faunas to the world-famed Middle Cambrian Burgess shale 
in the perfection of its fossil record. 


COMPOSITION OF THE FAUNA 


The Olenellus fauna includes several genera of non-calcareous algae, 
Morania, Marpolia, and Dalyia; a sponge, Leptomitus; a coelenterate, 
Margaretia; several echinoderms, including Camptostroma; and a new 
genus of cystids. Brachiopods are poorly represented by only a few 
specimens of Paterina. On the other hand, gastropods are abundant, 
both in genera and in individuals, being represented by the genera 
Pelagiella, Salterella, Hyolithes, and Stenotheca. Some of the oldest 
known agnostids are found in this fauna. Among the trilobites, most of 
the species belong to the Olenellids, in the genera Olenellus, Paedeumias, 
Wanneria, and Esmeraldina. Only a single pygidium of the exceedingly 
prolific Bonnia has been secured from this zone. In addition, the fauna 
includes the aberrant and unique genera, Bathynotus and Lancastria, as 
well as the more normal Bonniella. Each of these three genera is confined 
to a single locality. Other crustacean types are well represented by the 
genera Tuzoia, Anomalocaris, Hymenocaris, Protocaris and Roddyia. 
Finally, there is the strange organism, to which the name Emmonsaspis 
is applied, which suggests several interesting lines of speculation as to 
its nature. 

The fauna also includes several other peculiar forms, not identified, 
regarding whose classification it is hoped suggestions will be offered by 
workers. 

RELATIONSHIPS OF THE FAUNA 

The Olenellus fauna of the Appalachians is either closely related to 
or identical with the Olenellus faunas which occur in the lower Mount 
Whyte formation of British Columbia, the Hota formation of the Robson 
Peak district or the Eager formation, in the Rocky Mountain Trench 
at Cranbrook, British Columbia. Furthermore, if one may judge from 
the generic assemblage, it is ancestral to the famous Burgess shale fauna, 
for the fauna of the Burgess shale contains almost all the genera repre- 
sented in the Olenellus fauna, except the Olenellids. This may perhaps 
mean that the Burgess fauna was derived directly from an Olenellid 
one. However, as both the Kinzers and the Burgess beds preserve the 
remains of animals too fragile to be represented by fossils in most other 
Cambrian formations, it is possible that the relationship between these 
two faunas is thereby unduly accentuated. 
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DESCRIPTION OF GENERA AND SPECIES 


LOCALITIES 
Localities to which reference is frequently made in these descriptions are as 
follows: 

Kinzers: (loc. 8q) 2 miles north of York, Pennsylvania. 
Kinzers: (loc. 12w) Fruitville, 3 miles north of Lancaster, Pennsylvania. 
Kinzers: (loc. 12x) Getz quarry, 1 mile north of Rohrerstown, Pennsylvania. 
Kinzers: (loc. 22L) half a mile south of East Petersburg, Pennsylvania. 
Parker: (loc. 25) Parker quarry, Georgia, Vermont. 


ALGAE 
Morania Walcott, 1919 


This name applies to algae which consisted of membranous sheets, gelatinous 
or leathery, perforated or non-perforated. Of course, such flat fragments need not 
belong to one genus. Morania serves as a convenient name until more study has 
been given to the algae. 

Genoryre: M. confluens Walcott. 


Morania sparsa, new species 
(Plate 1, figure 16) 

Comparison should be made not so much with the genotype, M. confluens, as 
with M. fragmenta and M. globosa (Walcott, 1919, p. 230, pl. 48). M. sparsa, like 
M. globosa, consisted of rounded masses, but is less regular and shows less evidence 
of such original structure. It differs from M. fragmenta in that the latter appears 
to represent sheets torn into fragments in a haphazard manner. Ruedemann (1931, 
p. 1, pl. 1) discusses the means adopted by sea weeds to strengthen their flat 
thalli. The resulting structure explains how a sheet can break into fragments of 
distinctive form. 

Kinzers; Loc, 22L. 

Howoryre: U. 8S. N. M. 39277. 


Marpolia Walcott, 1919 


Marpolia filosa, new species 
(Plate 1, figure 2) 

Irregular, shiny threads in the Kinzers shale suggest the presence of filamentous 
algae, like Marpolia. They have more angular bends than Marpolia spissa and 
appear as if they had been jointed filaments, like those of certain present-day 
algae. Positive generic determination requires further study. 

Kinzers; Loc. 22L. 

U.S. N. M. 39276. 


Dalyia Walcott, 1919 


Dalyia annularoides, new species 
(Plate 1, figure 7) 

It is impossible to tell whether the rather poorly preserved holotype is the remains 
of the entire organism or simply a whorl of branches about a node. The specimen 
seems to be a single whorl of somewhat crooked branches. 

Kinzers; Loc. 22L. 

Hororyre: U.S. N. M. 39278. 


: 


210 RESSER AND HOWELL—LOWER CAMBRIAN OLENELLUS ZONE 


Dalyia pennsylvanica, new species 
(Plate 1, figures 3-5) 


The several branching algae here illustrated may represent more than one species. 

The holotype seems to consist of a fairly straight main stem from which branches 
arise at rather evenly spaced points which suggest nodes. These branches give rise 
to a group of others, which seem to have grown from nodes, possibly more or less 
in the form of whorls. The branches are nearly as thick as the main stem, and 
in the manner of branching they resemble those of the genotype D. racemata. 

A second specimen (PI. 1, fig. 4) is much more sparsely branched than the holo- 
type, but this is probably due to individual variation. A third specimen (PI. 1, 
fig. 5) is, unfortunately, less well preserved, probably because of its greater mass. 
It may not belong to the species, for its fronds are thicker and its branches arise 
in a different manner. Then, too, the diameter of the branches next to the stem 
is relatively small and increases outward, reaching a maximum next to the truncated 
end of the frond. 

Kinzers; Loc. 22L. 

Hotoryre and paratypes: U.S. N. M. 39279. 


Dactyloidites Hall, 1886 
Dactyloidites edsoni Ruedemann 


Dactyloidites edsoni RuepeEMANN, Geol. Soc. Am., Mem. 2 (1934) p. 30, footnote, 
pl. 6, fig. 1, 2 

This species was described and figured by Ruedemann as a probable alga. It 
consists of rosettes of leaflike impressions in varying number, which increase with 
the size of the rosette. The largest known specimen, with a diameter of 77 milli- 
meters, has 13 rays; a small individual, with a diameter of 33 millimeters, has 10 
rays. The central portion is flat, without evidence of a central stem or tube. 
The rays are smooth, structureless, and so concave in the middle as to indicate 
the former presence of a substantial body. Ruedemann believed that the speci- 
mens on which he based this species had been collected from the Middle Cambrian 
St. Albans formation, but it is now known that they came from the Olenellus zone 
of the Parker. 

Parker; 2/3 mile northeast of Swanton Junction, Franklin County, Vermont. 

Howoryre: Princeton Univ. 40247a; paratypes, 40247b and 40248. 


PORIFERA 
Leptomitus Walcott, 1886 


Leptomitus Watcort, U. 8. Geol. Surv., Bull. 30 (1886) p. 89 
Tuponia Wa.corr, Smithsonian Misc. Coll, vol. 67, no. 6 (1920) p. 271. 

In the introduction to the second paper cited, Walcott suggests the possibility 
that Tuponia is synonymous with Leptomitus. Furthermore, Tuponia was used 
by Reuter in 1875 for an insect. 

Dracnosis: Elongate, cylindrical sponge, with its skeleton formed of vertical 
spicules, with transverse extensions dividing the space between them, possibly in 
all species. Entire sponge flexible. 

Genotyre: Leptomitus zitteli Walcott. 

Tuponia lineata, T. bellilineata, T. flexilis, and T. flexilis intermedia henceforth 
are called Leptomitus. 
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Leptomitus zitteli Walcott 
(Plate 1, figures 12-14) 


Leptomitus zitteli Waucotr, U. S. Geol. Surv., Bull. 30 (1886) p. 89, pl. 2, figs. 2, 2a; 
U.S. Geol. Surv., 10th Ann. Rept. (1891) p. 597, pl. 49, fig. 1, la. 


Walcott’s original types are reproduced by photographs instead of drawings. 
Parker; Loc. 25. 
Coryres: U.S. N. M. 15308. 


Leptomitus walcotti, new species 
(Plate 1, figure 17) 

A single impression, 19 cm long and averaging 6 mm in width, appears to belong 
to Leptomitus. The rock does not preserve detailed structures, but, when the speci- 
men is examined in cross light, elongate markings can be seen, which are probably 
made by long spicules. The flexibility is evidenced by its sinuosity. One of the 
Princeton specimens shows vertical spicules. 

Kinzers; Loc. 12x. 

Hovoryre: U. S. N. M. 90780; paratypes, Princeton Univ. 41999, 42000. 


Leptomitus minor, new species 
(Plate 1, figure 6) 

The single known example of this thin, flexible sponge is attached to a shell of 
Pelagiella exigua. It is 44 mm long and 15-3 mm wide, increasing slightly in 
size from its base upward. Microscopic lines represent a rather coarse net of long 
spicules. 

Kinzers; Loc. 22L. 

Hoxoryre: U.S. N. M. 90781. 


COELENTERATA? 
Margaretia Walcott, 1931 
Margaretia stosei, new species 
(Plate 1, figures 9-11) 


This species differs slightly from the genotype, M. dorus. The tubes are generally 
narrower, and the raised nodes are a little smaller. However, specimens vary, just 
as in the type species. Various positions assumed by the illustrated specimens show 
that the tubes were quite flexible. 

Kinzers; Loc. 22L. 

Ho.oryre and paratypes: U. S. N. M. 90782. 


Margaretia ramosa, new species 
(Plate 2, figure 1) 


Several large specimens in the collections of the Peabody Museum, belong to 
this genus. The holotype of the new species is ramose. It is possible that all 
species of Margaretia may have grown in that fashion. 

This species differs from M. stoset in several respects; besides its ramose char- 
acter, the several branches are not of the same diameter, and it seems that the 
slits in the body walls are smaller. 

Kinzers; Loc. 12x. 

Hovoryre and paratype: Y. P. M. 14364, counterpart 14343 and 14352. 
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Camptostroma Ruedemann, 1933 
Camptostroma roddyi Ruedemann 
(Plate 1, figure 15) 


Camptostroma roddyi Ruepemann, U. 8. Nat. Mus., vol. 82, art. 13 (1933) p. 5, 
text figs. 1, 2, pls. 1-4. 


Kinzers; Loc. 12w. 
Hotoryre and paratype: U.S. N. M. 85181. 


Camptostroma resseri Ruedemann 
(Plate 2, figure 10) 


Camptostroma resseri RugepEMANN, U. S. Nat. Mus., Pr., vol. 82, art. 18 (1933) 
p. 6, pl. 3, figs 1-3. 
This specimen may not occur in beds of the Olenellus zone. 
Lower Cambrian; (loc. 20) south side of Mettawee River, quarter of a mile above 
the North Granville bridge, Washington County, New York. 
Houoryre: U.S. N. M. 85951. 


ECHINODERMATA 
Lepidocystis, new genus 
By August F. Foerste 


Discnosis: Form of theca probably discoid, consisting of numerous overlapping 
plates. Apparently five arms; free; evidently ‘attached at the margin of the upper 
surface of the theca. Brachials biserial, those of adjacent rows alternating. Covering 
plates apparently equal in number to the brachials, attached to the outer margin 
of the latter, but slightly displaced. 

SYSTEMATIC RELATIONS: Present knowledge of the structure of the genus does not 
warrant its definite reference to any particular division of the Echinodermata. Fro- 
visionally it is placed among the Eocrinoidea of Jaekel, chiefly on account of the 
entire lack of pentamerid arrangement of the thecal plates, and the emergence of 
the arms at the margin of the upper surface of the theca. In the typical represen- 
tatives of the family Eocrinidae, the arms are numerous, but arranged in 5 groups. 
However, the number of arms in each group is of less importance systematically 
than their pentamerid arrangement. 

It differs from the Cystoidea in the absence of thecal pores and in the extrusion 
of the arms from the margins of the upper surface of the theca, instead of radiating 
from a central oral opening. 

The imbrication of the thecal plates resembles that of Agelacrinites and Hemi- 
cystis among the Edrioasteroidea, in which the arms are not free but attached 
dorsally to the upper surface of the theca, radiating outward from a central opening. 

Genoryre: L. wanneri Foerste. 


Lepidocystis wanneri Foerste, new species 
(Plate 2, figures 5-9) 


Seven specimens of this species have been identified from the material in hand. 
The original form of the theca is uncertain, the specimens usually being crushed. 
Lateral outline is circular and the animal likely was moderately convex above and 
possibly below. The theca consists of numerous overlapping plates and if the 
orientation here adopted is correct the outer margin of these plates overlapped 
in a distal direction on its upper face. In one specimen (not figured) the lateral 
diameter of the theca is 20 millimeters and its height is estimated at 8 millimeters. 
The holotype (figs. 7-9) is 25 millimeters in diameter. It retains 3 arms, attached 
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at intervals admitting of the presence of 5 arms, almost equally spaced. These 
arms are free and apparently attached near the outer margin of the upper face of 
the theca. The arms consist of two series of brachials somewhat wider than long, 
arranged in alternating order. In addition there are two series of covering plates, 
apparently equal in number to the brachials but slightly displaced along their lines 
¥ of contact. The surface of the plates of the theca is minutely granulate, the 

granules tending to occur in rows approximately perpendicular to the outer margin 
of the plates. Those on the brachials are nearly parallel to the length of the arms. 

In figure 9, the arm best preserved is attached at the upper left margin of the 
theca. The base of a second arm is attached at its upper right margin. A third 
arm is attached a short distance to the right of a median vertical line along the 
lower margin. An irregular vesicular mass is located along the upper right margin 
of this specimen. Figure 8 shows the opposite side of the same specimen and 
figure 7 presents an enlarged view of the central part of figure 9, but inverted 
compared with the latter. 

Figure 5 has a maximum diameter of 35 millimeters. An arm is attached to 
its upper left margin, and a vesicular mass extends along its upper margin. Fig- 
ure 7 has a maximum diameter of 40 millimeters. One arm is attached at the 
upper left margin and a broad vesicular mass extends along its left margin. The 
significance of this vesicular mass can not be determined. 

inzers; Loc. 8q. 
Ho.oryre and paratypes: U. S. N. M. 90773. 


Stromatocystites Pompeckj, 1896 
Stromatocystites walcotti Schuchert 
(Plate 4, figure 20) 


Stromatocystites walcotti ScoucHerT, Smithsonian Misc. Coll., vol. 70, no. 1 (1919) 
p. 3, pl. 1, figs. 1-3, text fig. 1. 


Lower Cambrian; (loc. 41x) East Arm, Bonne Bay, west coast of Newfoundland. 
Coryres: U.S. N. M. 66443. 
Stromatocystites walcotti minor Schuchert 


(Plate 4, figure 19) 


Stromatocystites walcotti minor ScuucHeErT, Smithsonian Misc. Coll., vol. 70, no. 1 
(1919) p. 4, pl. 1, fig. 4. 


Lower Cu-abrian; (loc. 41x) East Arm, Bonne Bay, Newfoundland. 
Howoryre: U. 8. N. M. 66444. 


BRACHIOPODA 
Paterina Beecher, 1891 
Paterina roddyi, new species 
(Plate 4, figures 17, 18) 


Brachiopods are rare in the Olenellus fauna. In fact, only three species are 
known. 

P. roddyi differs from P. williardi in its finer lines of growth and from P. stissi- 
gensis by its straighter hinge line. 

Kinzers; Loc. 22L. 

Coryrss: U.S. N. M. 90774. 
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Paterina, species undetermined 
(Plate 3, figure 12) 


Several small brachiopods which have a rather high beak, were first regarded as 
opercula of Hyolithes. 

Kinzers; Loc. 22L. 

Tyre: U.S. N. M. 9077. 


Rustella Walcott, 1905 
Rustella ? species undetermined 
(Plate 2, figure 4) 


Shape, size, and vague structural details hint that this ovate object is a valve of 
Rustella. 

Kinzers; Loc. 12x. 

Tyre: U.S. N. M. 90776. 


GASTROPODA 


Pelagiella Mathew, 1895 
Pelagiella exigue, new species 
(Plate 2, figures 2, 3) 


This small gastropod is fairly common, but the specimens are not well preserved, 
so that its characteristics are not clearly revealed. These tiny gastropods consist 
of simple whorls which expand rather rapidly. 

Kinzers; Loc. 22L. 

Coryrres: U.S. N. M. 90777. 


Helcinonella Grabau and Shimer, 1909 
Helcionella pricei, new species 
(Plate 3, figures 6-8) 


H. pricei has about the same ovate outline and ribs as H. rugosa (Hall), but the 
beak appears to be somewhat more central in position. 

The specific name is given in recognition of the energetic collecting by John W. 
Price, of Lancaster, Pennsylvania. 

Kinzers; Loc. 12w, Loc. 12x (on Y. P. M. 14887), and Loe. 22L. 

Coryrrs: U. S. N. M. 90778, 90779. 


Salterella Billings, 1865 
Salterella acervulosa, new species 


(Plate 3, figures 13-16) 


S. acervulosa is shorter than S. pulchella, although there appears to be individual 
variation in this respect. The cross section is circular, and the cone is curved in 
one direction. Many specimens have a depression on one side, but whether this 
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is due to compression or is a structure feature is not clear. Frequently, many indi- 
viduals occur close together, as if they grew from a common center. 

Kinzers; Loc. 8q and Loc. 12w. 

Coryres: U.S. N. M. 90788, 90789. 


Hyolithes Eichwald, 1840 
Hyolithes wanneri, new species 
(Plate 4, figures 4-9) 


This species recalls H. carinatus Matthew from the Burgess shale, but differs in 
that the termination of the carina is some distance from the upper end of the shell. 

Kinzers; Loc. 12x, Loc. 22L, and Loc. 8q. 

Rome; (loc. 24L) near Webster, northeast of Roanoke, Virginia. 

Coryres: U. S. N. M. 90790-92, 92723. 


Hyolithes ezilis, new species 


(Plate 4, figures 1, 2) 

Another Hyolithes occurs with H. wannert, which compared with that species is 
much more slender, and instead of being carinated has a concave side so that the 
Margins appear as ridges. 

Kinzers; Loc. 22L. 

Coryrgs: U.S. N. M. 90793. 


Hyolithes ? species undetermined 
(Plate 4, figure 3) 


A slightly curved, slender, tapered tube, apparently round in cross section, is 
referred to Hyolithes with reservation. 

Kinzers; Loc. 22L. 

Tyre: U.S. N. M. 90794. 


Selkirkia Walcott, 1911 
Selkirkia pennsylvanica, new species 
(Plate 4, figure 10; Plate 5, figure 8) 


Several straight slender tubes characterized by annulations or cross striations are 
referable to Selkirkia. 

Kinzers; Loc. 22L. 

Ho.oryre and paratype: N. M. 90795. 


ANNELIDA? 


Ottoia ? species undetermined 
(Plate 1, figure 1) 


A peculiar annulate form may belong to Oftoia. The illustration shows the 
features preserved. 

Kinzers; Loc. 22L. 

Tyre: U.S. N. M. 90784. 
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UNDETERMINED FORMS 
(Plate 3, figure 10) 


It is not certain whether this fossil represents an annelid or a crustacean. The 
writers favor the first suggestion. 

Kinzers; Loc. 22L. 

Type: U. 8. N. M. 90787. 


(Plate 3, figure 11) 


These long irregular, flexible objects are unquestionably organic. The most 
plausible suggestion seems to be that they are arms of the cystids, but the preser- 
vation is not good enough to prove the point. Then, too, they might be algal 
stems, or even worms or worm burrows. 

Kinzers; Loc. 12x. 

Tyre: Y. P. M. 14391. 


(Plate 1, figure 8) 


An object somewhat resembling an insect wing might be a piece of trilobite 
test, but its shape and the manner in which the “veins” rise from a marginal vein, 
practically precludes that idea. On the other hand, many algae have a strength- 
ening network in their flat thalli, which may be like this. 

Kinzers; Loc. 12x. 

Tyre: Y. P. M. 14387. 


(Plate 10, figure 6; Plate 13, figure 2) 


A vase-shaped, stalked form, apparently made by overlapping plates, was thought 
to represent a cystid, but the discovery of several specimens in which the “stalk” 
passes out the opposite end and the body becomes lens-shaped, invalidates this 
theory. 

Kinzers; Loc. 22L and Loc. 12x. 

Tyres: U.S. N. M. 90834. 


AGNOSTIA 


Eoagnestus, new genus 


This is evidently one of the oldest agnostians known, and hence can appropriately 
be named Eoagnostus. 

Dracnosis: Cranidium with only the main lobe of the glabella developed. Pygi- 
dium with a bluntly pointed axis. 

Genotype: E. roddyi. 


Eoagnostus roddyi, new species 
(Plate 3, figures 1-4) 


Convexity medium. Dorsal furrow not deep; transverse furrow faint, but dis- 
tinct. No frontal glabellar lobe. No tubercle on the main lobe of the glabella. 
Basal lobes apparently lacking. The absence of these features may be due to 
poor preservation. 
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Pygidial flange of medium width apparently without spines. Dorsal furrow of 
moderate depth. Pleural lobes confluent behind the axis. Axis bluntly pointed, 
bearing an elongated tubercle, without transverse furrows. 

Kinzers; Loc. 12w and (Loc. 8q). 

Howoryre and paratypes: U.S. N. M. 90796-90798. 


TRILOBITA 
Olenellus Hall, 1862 


Barrandia Haut, N. Y. State Cab. Nat. Hist., 13th Rept. (1860) p. 115. 
Olenellus Haut, "N. Y. State Cab. Nat. Hist., ‘15th Rept. (1862) p. 114. 
Mesonacis Watcorr, Am. Jour. Sci., 3d ser., vol. 29 (1885) p. 328, fig. 4; 2. 
Olenellus Watcort, U.S. Geol. Surv., Bull. 30 (1886) p. 162, 165. 
Mesonacis Watcort, U. 8. Geol. Surv., Bull. 30 (1886) p. 158, 165. 
Olenellus Wa.corr, U. S. Geol. Surv., 10th Ann. Rept. (1891) p. 165, 633. 
Mesonacis Watcort, U. S. Geol. Surv., 10th Ann. Rept. (1891) p. 637. 
Mesonacis Watcort, Smithsonian Misc. Coll., vol. 58, no. 6 (1910) p. 246, 261. 
Olenellus Wacort, Smithsonian Misc. Coll., vol. 53, no. 6 (1910) p. 248, 311. 
Mesonacis Resser, Smithsonian Misc. Coll., vol. 81, no. 2 (1928) p. 3. 
Olenellus Ressmr, Smithsonian Misc. Coll., vol. 81, no. 2 (1928) p. 5. 


Much has been written concerning this genus, yet no clear definition of it has 
appeared, chiefly because imperfect preservation of the specimens first studied 
led to erroneous conclusions regarding the generic characters. Little new material 
is available from the older localities, but other localities, particularly in western 
North America, have yielded many specimens (including several new genera) which 
throw light on the structural features of the genus. 

As usual, one finds several distinct forms referred to the type species. Much 
of the confusion was caused by Walcott’s composite figure of O. thompsoni, pub- 
lished in 1886 and copied many times since in text books and other publications. 

Hall’s original types belonged to the American Museum of Natural History, 
coming to that institution with the first Hall collection about 1870, but they dis- 
appeared in 1914. Fortunately, casts of Hall’s originals are in the National Museum 
collections. One (U.S.N.M. 4795) was made by Meek at Albany and registered 
September 19, 1864, in the catalogue among a large series of casts of Hall’s types. 
This leaves no doubt that it is a cast of the type of Olenellus thompsoni. In addi- 
tion, the National Museum has another cast of the same specimen, which bears 
the catalogue number 62474, and which is here used to illustrate the genotype. 
This cast was made from a cast in the Walker Museum (15942), University of 
Chicago. The latter is labelled “Pal. N. Y., vol. 3”, which is a reprinting of 
Hall’s 1859 paper. These casts were acquired by the Walker Museum about 1900, 
when the second Hall collection came into its hands. Until the originals are located, 
one must rely on these casts as the representatives of O. thompsoni. 

The following generic diagnosis shows clearly that generic differences do not 
exist between Olenellus thompsoni and Mesonacis vermontana. Consequently the 
names, Mesonacis and Mesonacidae, must be dropped and Moberg’s family name 
Olenellidae will have to be revived. The difference between the posterior segments 
of O. thompsoni and O. vermontanus used by Resser (1928) to distinguish these 
genera exists and has some significance, but it is not now believed to be of 
generic importance. 

Dracnosis: Cephalon is large, the thorax long, with numerous segments which 
are usually separated more or less, and the pygidium consists of a small plate. 
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Cephalon normally semicircular in outline, frequently highly arched and with long 
genal spines. Facial sutures fused, being visible as a line posterior to the eyes. 
Glabella wide and occupying the full length of the cephalon, generally cylindrical, 
occasionally constricted near the middle to give it an hour-glass shape, in which 
event the anterior lobe is apt to be swollen. Four pairs of glabellar furrows and 
an occipital present. The rear pairs of glabellar furrows are deep, but fail to con- 
nect across the middle except by a faint depression. The third pair is frequently 
reduced to short slits, which fail to register across the middle and also terminate 
short of the dorsal furrow. The anterior pair is the strongest, and its two halves 
join in the middle, so that by their backward direction a rounded anterior, tumid, 
lobe is formed. The dorsal furrow is well developed to a point somewhat forward 
of the second pair of furrows, where it disappears because the glabellar surfaces 
continue across its normal position into the palpebral lobe, but resumes its course 
anterior to the eyes. Brim frequently reduced to a rim. Rim narrow and of even 
width, except for slight widening toward the genal angles. Fixed cheeks presum- 
ably confined to palpebral lobes and straps. Palpebral lobes semicircular, situated 
next to the dorsal furrow. Eyes large, strap-shaped, curved lobes; length of some, half 
that of the cephalon. Postero-lateral limbs are demarcated by a ridge or line 
evidently the posterior facial suture. This line begins under the eye lobe almost 
a third of its length from the rear, thus indicating that this portion of the eye 
overlaps the cheek (a western specimen in limestone preserves the eye rising free 
above the test). The suture extends close to the genal angle; the postero-lateral 
limbs terminate in intergenal spines. 

Libragenes large, apparently sloping rather evenly or are convex from the gla- 
bella and eye lobe. Genal spines usually rather large. When in an advanced 
position they are apt to be shorter. 

Hypostoma about the same size as the anterior lobe, strongly convex. Marginal 
or epistomal plate narrow. 

Thorax with variable number of segments in various species, but constant in any 
one species; dorsal and axial furrows well developed. Pleura straight, with sharply 
curved, long, tapering ends. Pleural grooves wide, of even width to the fulcrum, 
then contracting proportionally to the taper of the terminations. Third thoracic 
segment enlarged. First fifteen segments, except the third, decreasing in size at 
an even rate. As the segment length decreases the fulcrum approaches the axis 
at a greater rate, thus Jeaving successively longer tapering terminations. The 
fulcral angle increases at the same time, so that the rear segments point almost 
directly backward. The fifteenth segment bears a long heavy axial spine which 
was taken for a telson in incompletely preserved specimens. Behind the fifteenth, 
a varying number of short segments intervene before the terminal, or pygidial, 
plate. These segments are often called rudimentary because they sometimes lack 
pleural extensions owing to the weakness of the dorsal furrow. Except on the 
fifteenth segment, axial spines are generally lacking. 

Surface irregularly lined. 

Olenellus is not readily confused with Wanneria, which differs in having a wider 
rim and lacks the enlargement of the third segment, as well as the rudimentary 
segments subsequent to the long axial spine on the fifteenth. Also, Wanneria usually 
has strong spines on each axial ring, including the occipital ring. Besides, consid- 
erable differences exist in the hypostoma, marginal and epistomal plates. Olenellus 
differs from Paedeumias in other characteristics, chiefly in the position and size 
of the glabella, in the wider doublure, and in the direct attachment of the hypo- 
stoma to the marginal plate, without the slender stalk of Paedeumias. 
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Olenellus thompsoni (Hall) 


(Plate 3, figures 17-19) 
Olenus thompsoni Haut, N. Y. State Cab. Nat. Hist., 12th Ann. Rept. (1859) p. 59, 


fig. 1. 
Olenellus thompsoni Hatr, N. Y. State Cab. Nat. Hist., 15th Ann. Rept. (1862) 
p. 114. 


/. A. 


Ficure 1—Hall’s drawings of Olenellus 
Copies of Hall’s original drawings of Olenellus thompsoni and O. ver 


Olenellus thompsoni Waucott (part), U. 8. Geol. Surv., Bull. 30 (1886) p. 167, 
pl. yi, Bes. 2, 4, 9 (not pl. 17, 1=O. crassimarginatus; pls. 22, 23 =O. 
agellus). 

Olenellus thompsoni Watcorr (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 336, pl. 34, fig. 9 (not pl. 35, fig. 1 =O. agellus; figs. 2-7—new species). 

Paedeumias transitans Wa.cort (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 305, pl. 33, fig. 1; pl. 44, fig. 7. 

It is necessary to restrict O. thompsoni to the species described by Hall in 1859, 
and when this is done, the variations in width, mentioned by authors, disappear, 
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and the species is restricted to Vermont. Hall presumably had only a few fragments 
and one entire individual, secured from the Rev. Zadock Thompson. Several addi- 
tional, but mostly smaller, individuals were secured by Walcott prior to 1886. At 
present, there remain in the National Museum two casts of Hall’s original type; 
casts of an excellent example (U. S. N. M. 26688), labelled as being in the collec- 
tion of the Rev. Henry Crocker, Fairfax, Vermont; and casts of another entire 
individual (U. S. N. M. 5025), about which there is no information except that 
the casts were made by Mr. Mantle. The rock specimens remaining after many 
years of distribution of material to other institutions, number fifteen, of which eight 
are counterparts. 

Hall’s drawing is reprinted as a text figure simply to show how it agrees with 
the photograph of the cast (Pl. 3, fig. 19). Further, the large specimen with the 
three rudimentary segments and the pygidial plate (PI. 3, fig. 18) was evidently 
intended by Walcott to be the type of Paedeumias transitans. 

Parker; Loc. 25. 

Howoryre: A. M. N. H. 244 (missing); plastoholotype, U. 8. N. M. 4795, 62474; 
plesiotypes 15418, 56808. 

Olenellus georgiensis, new species 


(Plate 5, figures 6, 7) 


Mesonacis vermontana Watcortt (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 264, pl. 26, fig. 3. 

Nine specimens, of which four are counterparts, formerly included in O. vermon- 
tanus, constitute a new species which is intermediate between O. thompsoni and 
O. vermontanus. It is like O. thompsoni in its width, but differs in the presence 
of stronger intergenal spines. O. georgiensis like O. vermontanus has ten segments 
back of the fifteenth segment, but in the new species they are narrower and have 
long pleural spines. 

Parker; Loc. 25. 

Howoryre and paratypes: U.S. N. M. 90797. 


Olenellus vermontanus (Hall) 
(Plate 4, figures 15, 16) 
Olenus pains Hatt, N. Y. State Cab. Nat. Hist., 12th Rept. (1859) p. 60, 


Mesonacis vermontana Watcorr, Am. Jour. Sci., 3d ser., vol. 29 (1885) p. 329, 


figs. 1, 2. 
Mesonacis vermontana Watcort, U. S. Geol. Surv., Bull. 30 (1886) p. 158, pl. 24, 


figs. 1, la, 1b. 
M a vermontana Watcott (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 264, pl. 26, figs. 1, 2 (not fig. 3 = O. georgiensis). 

Restricting this species to Hall’s original form, the collections contain the cast 
of Hall’s type, the excellent specimen secured by Walcott from Edward Hurlburt, 
and six other fragmentary individuals. Three casts are in hand, one by Meek, 
very poorly made, received in 1864; another, a gutta-percha squeeze; and a third, 
a good plaster cast. The latter are evidently from casts in the Walker Museum, 
University of Chicago. 

O. vermontanus is narrower than O. thompsoni, the axis tapers less, and is rela- 
tively wider, being one-third as wide as long, instead of one-fourth. The narrow- 
ness is confined to the cheeks and length of pleura. The eyes are somewhat shorter; 
the genal angles are slightly more advanced, and the third segment relatively larger. 
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The greatest difference is in the segments back of the fifteenth; there are ten, 
instead of four, and each has a sharp pleural termination. Hall’s holotype retains 
the hypostoma, but its features are poorly shown. 


Parker; Loc. 25. 
Hovoryre: A. M. N. H. 230 (cast U. S. N. M. 62475); plesiotype 15399. 


Olenellus getzi Dunbar 
(Plate 5, figures 1-5) 
Olenellus getzi Dunsar, Am. Jour. Sci., 5th ser., vol. 9, no. 52 (1925) p. 303, figs. 1, 2. 


The holotype is re-illustrated from a photograph sent to Walcott by Dunbar some 
years ago. In addition, several specimens from the Getz quarry show impressions 
of the outer surface, the radiating lines on the fixed cheeks, and the reticulated 
areas near the dorsal furrow. Another specimen shows the three posterior segments 
and the large pygidial plate (fig. 5). 

This form differs from O. thompsoni in that O. getzi has shorter eyes, a rim that 
widens more toward the genal angles, and a wider posterior rim. 

Kinzers; Loc. 12x. 

Ho.oryre and paratype: Y. P. M. 14365; plesiotypes, U. S. N. M. 70820 and 


Princeton Univ. 40835. 
Olenellus romensis, new species 


(Plate 7, figures 4-6; Plate 12, figures 2, 3) 
Clay shales in the Rome formation of southwestern Virginia have thin bands 
which yield abundant specimens of Olenellus formerly identified as O. thompsoni. 
Near Cleveland, Virginia, what appears to be the same species occurs in thin blue 


limestone layers. 

Olenellus romensis is similar to O. getzi in the shortness of the eyes and general 
appearance. It differs in having a narrower rim and narrower fixed cheeks, giving 
the anterior margin a flatter curve. 

Rome; (loc. 24L) near Webster, northeast of Roanoke; (loc. 47i) 2 miles south- 
west of Blue Ridge Springs; (loc. 47m) 2 miles south of Max Meadows; (loc. 47g) 
Mason Creek, 1 mile east of Salem; (loc. 23p) half a mile southeast of Indian 
Rock; and (loc. 47n) a mile east of Cleveland, Virginia. 

Coryrrs: U. S. N. M. 92718-92721. Figured specimens from Cleveland, Virginia 
(Pl. 7, figs. 4-6) doubtfully referred to this species are U. S. N. M. 92722. 


Olenellus similaris, new species 
(Plate 4, figures 11-14) 

A wide form from York previously called O. thompsoni is distinguished by a 
shorter glabella, the greater curvature of the eye lobes, and more compact arrange- 
ment of the pleura. Small, axial spines, increasing in size rearward, occur on several 
segments preceding the fifteenth. One specimen (fig. 12) indicates the presence of 
about three posterior segments. 

Kinzers; Loc. 8q. 

Ho.oryre and paratypes: U. S. N. M. 90800. 


Olenellus roddyt, new species 
(Plate 6, figures 6, 7) 


This is the Lancaster species usually identified as O. thompsoni. It differs from 
O. thompsoni in minor points, which are possibly best shown by figure 6, a 
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specimen broadened by longitudinal pressure. These are the more rapid taper of 
the thorax, and the stronger macropleural development of the third segment. This 
species differs from O. similaris in having a slightly narrower rim, and eyes that 
touch the rear margin of the cephalon. O. roddyi has about four posterior segments, 
which lack pleura. 

Kinzers; Loc. 12w and Loc. 12x. 

Ho.orrre: U. 8S. N. M. 90803; paratypes 90804. 


Olenellus latilimbatus, new species 
(Plate 6, figure 9) 


A single cranidium, with a part of the thorax, found at the Getz quarry, is 
characterized by its long, narrow glabella, large eyes, which extend back to the 
posterior rim, and rather wide rim. 

In general, this cranidium of this species resembles that of Olenellus roddyi, but 
it differs in its larger size, and in having the glabella relatively narrower and the 
rim wider. 

Kinzers; Loc. 22L. 

Hotoryre: U.S. N. M. 90811. 


Olenellus jonasae, new species 
(Plate 8, figures 4-6) 


A species from a point near East Petersburg was first identified as O. getzi. It 
is named O. jonasae in recognition of the excellent work done on the Kinzers forma- 
tion by Anna I. Jonas, of the United States Geological Survey. 

Compared with O. getzi, O. jonasae is more slender and has a narrower glabella 
anteriorly and longer pleura. The pleura also are flexed backward more sharply, 
being crowded closer together. The axial rings are considerably narrower. 

Kinzers; Loc. 22L and Loc. 12x. 

Coryrrs: U. S. N. M. 90801. 


Olenellus terranovicus, new species 
(Plate 6, figure 8) 


A single entire Olenellus was secured from zone 23 of Schuchert’s section at Bonne 
Bay. Unfortunately, cleavage is strongly developed, but, by photographing the 
specimen with the light parallel to the cleavage planes, most of its features were 
recorded. 

This species is characterized by a relatively narrow thorax, and in consequence 
the macropleural development of the third segment is pronounced, which causes it 
to resemble O. bonnensis. 

Lower Cambrian; (loc. 41f) east shore of East Arm, Bonne Bay, west coast of 
Newfoundland. 

Hotoryre: U. S. N. M. 90802. 


Olenellus bonnensis, new species 


(Plate 7, figure 3) 


A single large individual represents the advanced genal spine development for 
the Olenellids at Bonne Bay. O. bonnensis is distinguished by the advanced posi- 
tion of the genal spine and the concomitantly increased macropleural development 
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of the third segment. The species is further characterized by its long pleura toward 
the rear of the thorax and the shortness and anterior position of the eyes. 
Lower Cambrian; (loc. 41f) east shore of East Arm, Bonne Bay, Newfoundland. 


Hoxoryre: U.S. N. M. 90808. 
Olenellus peculiaris, new species 
(Plate 6, figure 10) 


A single cranidium from the Getz quarry closely resembles O. bonnensis. Its short 
eyes make the glabella and palpebral lobes appear as they do in O. getzi, but the 
advanced position of the genal spine distinguishes the species. 

Kinzers; Loc. 12x. 

Hotorrre: U.S. N. M. 90809. 


Olenellus schucherti, new species 
(Plate 8, figures 16, 17) 


O. schucherti occurs in zone 1 of Schuchert’s section. 

This species is characterized by a narrow, cylindrical glabella, long eyes which 
are not strongly bowed, and an even raised rim. The portion of the thorax pre- 
served shows a moderate macropleural development of the third segment. 

Casts of a specimen in the collections of the Canadian Survey are labelled: “423, 
Potsdam C 3, Bonne Bay, Newf., Murray, 1868?”. 

Lower Cambrian; (loc. 41x) East Arm, Bonne Bay, west coast of Newfoundland. 

Hotoryre and paratypes: U.S. N. M. 90805; paratype, Nat. Mus. Canada 423. 


Olenellus agellus, new species 
(Plate 9, figures 11-13) 


Olenellus (not Hall), Am. Mus. Nat. Hist., Bull., vol. 1, no. 5 
884) p. 151, pl. 15, fig. 
Olenellus ‘vermontand Am. Mus. Nat. Hist., Bull., vol. 1, no. 5 


884) p. 152, pl. 15 
Olenellus geet all: WaLcotr part), U. S. Geol. Surv., Bull. 30 (1886) p. 167, 


pls. 22-23. 
Olenellus thompsont Watcort (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 


p. 336, pl. 35, fig. 1 
This form was used for the restored figures of O. thompsoni first published by 
Walcott in 1886 and subsequently widely copied. There were twelve specimens, 
of which six are counterparts. Recently, the National Museum secured 17 addi- 
tional specimens with the E. Hurlbert Collection. In addition, there is an old 
cast, about which there is no information, except that it came from. the Parker 
quarry. In 1886, Walcott stated that there were broad and narrow forms of 
O. thompsoni, but re-examination of the originals shows that this feature is due 
solely to distortion. This species is associated with Bathynotus holopygus (Hall) 
and is from a browner and more micaceous shale than that containing O. thompsoni. 
As far as the thorax is concerned, there are no distinguishing features between 
O. thompsoni and the new species, except that the latter possibly has a looser 
arrangement. On the other hand, the cephalon differs in the failure of the glabella 
to reach the rim, the eyes are situated farther back, so that their rear extremities 
almost touch the posterior rim, and the rim is somewhat wider. 
Parker; Loc. 25. 
Howoryre and paratypes: U. 8. N. M. 90806; A. M. N. H. 244. 
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Olenellus alius, new species 


(Plate 7, figures 7, 8) 

Several incomplete specimens represent a species characterized by the contraction 
of the anterior lobe of the glabella and the somewhat-advanced genal spines, but 
chiefly by the shortness of the eyes. 

Kinzers; Loc. 8q. 

Coryres: U.S. N. M. 90807. 


Olenellus nitidus, new species 
(Plate 8, figures 7-9) 


Several cranidia, at first regarded as O. getzi, differ in that the glabella does not 
reach so far forward and that the eyes extend almost to the rear margin. 

Kinzers; Loc. 12x. 

Coryres: Princeton Univ., 41032, 41016a. 


Olenellus crassimarginatus (Walcott) 
(Plate 7, figure 2) 


Olenellus thompsoni Watcort (part), U. S. Geol. Surv., Bull. 30 (1886) p. 167, pl. 17, 
fig. 1; 10th Ann. Rept. (1891) pl. 83, fig. 1b. 

Olenellus thompsoni crassimarginatus Wa.cort (part), Smithsonian Misc. Coll., vol. 
53, no. 6 (1910) p. 340, pl. 35, fig. 8. 

It is necessary to restrict this form to the single cephalon originally described 
from Vermont. When compared with O. thompsoni, the rim width stands out, the 
eyes are longer, the cheeks narrower. 

Parker; Loc. 25. 

Howoryre: U. 8. N. M. 90810. 


Olenellus wanneri, new species 
(Plate 7, figure 1) 
Olenellus ey yo crassimarginatus Watcotr (part), Smithsonian Misc. Coll., vol. 
53, no. 6 (1910) p. 340, pl. 35, fig. 10 (only). 

Three distinct species were figured by Walcott when the variety crassimarginatus 
was established in 1910. To the larger head from locality 8q at York, it seems 
proper to apply the name QO. wanneri, in honor of Atreus Wanner, the collector. 
It is further necessary to eliminate the specimens found at localities 49 and 49a. 

This species is naturally similar to O. crassimarginatus, differing in having more 
circular eye lobes, more deeply impressed furrows, stronger intergenal spines, nar- 
rower cheeks, and possibly a different surface ornamentation. In addition, the rim 
is less even in width, increasing toward the genal angles. 

Kinzers; Loc. 8q and Loc. 12w. 

Hovoryre and paratypes: U.S. N. M. 56837. 


Olenellus nodosus, new species 
(Plate 6, figures 1-3) 


This is unlike any other species because of its narrow glabella and thorax, but 
particularly because of the double row of nodes on the axial rings and the peculiar 
corrugated surface on the glabella. 

Kinzers; Loc. 12x. 

Coryrss: Princeton Univ. 40863, 40829, 41041, 41186, 41191. 
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Olenellus brevoculus, new species 
(Plate 8, figures 18, 19) 


A peculiar Olenellid trilobite occurs rather abundantly in zone 1 of Schuchert’s 
section at Bonne Bay. In fact, this may be a new genus. 

O. brevoculus is characterized by its wide glabella, short eyes, and the elongate 
nodes on the fixed cheeks back of, and inside of, the eyes. This latter feature occurs 
regularly in certain other Olenellid genera but seldom in Olenellus. In the thorax 
the pleural spines are long and slender, with the third particularly long. In the 
partial thorax (fig. 18), it appears as if a small axial spine were also present on 
the third segment, and a break on the fourth seems to indicate the presence of a 
large one. 

Lower Cambrian; (loc. 41x) East Arm, Bonne Bay, west coast of Newfoundland. 

Hovoryre and paratypes: N. M. 90812. 


Olenellus, species undetermined 
(Plate 9, figure 8) 


This small Olenellid evidently represents an undescribed species, but, unfortu- 
nately, not enough of it is preserved to allow a description. 

Kinzers; Loc. 12w. - 

Tyre: U.S. N. M. 90813. 


Paedeumias Walcott, 1910 


Paedeumias Wa.cort, Smithsonian Misc. Coll., vol. 53, no. 6 (1910) p. 304. 
Paedeumias Resser, Smithsonian Misc. Coll., vol. 81, no. 2 (1928) p. 5. 

As explained by Resser in 1928, the original description of this genus was based 
chiefly on specimens from York, Pennsylvania, but Vermont was specifically stated 
to be the type locality. Consequently, the genotype must be a Vermont form. 
Furthermore, as the York specimens do not belong to P. transitans, the specimen 
illustrated (Walcott, 1910, pl. 34, fig. 1) was chosen as the lectotype in 1928 (U. S. 
National Museum, no. 56808b). A careful reading of Walcott’s text and plate de- 
scriptions seems to indicate that he intended the large individual illustrated as 
figure 18 on his plate 3 to be the type of P. transitans and hence of the genus. 
However, this specimen is now referred to Olenellus thompsont, and, as no holotype 
was designated, it is possible to retain the species transitans and confine it to the 
other illustrated Vermont form. 

Recent studies show that most species previously referred to Paedeumias must 
be transferred to other genera. Consequently, the following diagnosis differs from 
that presented in 1928. 

Diacnosis: The cephalon is large and broad, the thorax has many long-spined 
segments and terminates in a small plate. The cephalon is semicircular in outline, 
and probably had considerable convexity. Facial sutures are sometimes traceable 
back of the eyes. Glabella generally cylindrical with the anterior lobe tapered 
rather bluntly, and situated some distance from the rim. The dorsal furrows are 
well impressed except where the eyes join. Rim usually narrow (never wide), 
increasing but slightly toward the genal angles. A ridge connects the median point 
of the anterior glabellar lobe with the rim, but it is possible that this feature did 
not always show on the living animal, resulting from compression of the test on 
to the hypostoma stalk during fossilization. Eyes large, extending almost to the 
rear margin; the outer curved edge, and perhaps also the rear portion of the eye 
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lobes, were raised free above the cheek surfaces. Genal spines slender, in adult indi- 
viduals, extending to about the third or sixth pleuron. Intergenal spines present 
in all species now definitely assigned to the genus. 

The hypostoma is attached to the marginal or, more likely, epistomal plate, by 
a stalk whose length equals the distance from the glabella to the rim. The 
hypostoma itself is typical for the family, having five or more teeth on each side 
of the median line. The plate to which the hypostoma is attached frequently breaks 
away, sometimes in such a manner as to indicate a hinged attachment between the 
genal angles and the intergenal spines (PI. 9, fig. 6). 

Thorax apparently has nineteen segments. The first fifteen are normal in shape, 
with the third greatly enlarged. A long heavy spine is present on the fifteenth 
pleuron. Back of this the York species shows four rather simple segments and 
finally a small pygidial plate. Small spines, increasing slightly in size rearward, 
are present on the six or more segments immediately before the fifteenth. 

Surface faintly lined in the usual fashion. 

Paedeumias differs little from Olenellus except in the position of the glabella 
and the stalked hypostoma. 

Genotype: P. transitans Walcott. 


Paedeumias transitans Walcott 
(Plate 8, figure 13) 


Paedeumias transitans Waucort (part), Smithonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 305, pl. 34, fig. 1 (only). (See P. yorkense.) 
As stated in the generic discussion, P. transitans must be restricted to the Vermont 
form. This, then, leaves on hand only the lectotype and its counterpart. 
Parker; Loc. 25. 
Lecroryre: U.S. N. M. 56808b. 


Paedeumias perkinsi, new species 
(Plate 8, figure 1) 


Olenellus vermontana Wuitrietp (part), Am. Mus. Nat. Hist., Bull., vol. 1, no. 5 
(1884) p. 152, pl. 15, figs. 2, 3. 

Most of the specimens from Vermont identified as P. transitans clearly represent 
a distinct species, which is named for G. H. Perkins, for many years State Geologist 
of Vermont. It is possible that the specimens figured as O. vermontana by Whit- 
field, may be this species. 

Compared with P. transitans, the new species has a relatively wider preglabellar 
area but a narrower thorax. 

Parker; Loc. 25. 

Hovoryre: U.S. N. M. 90814; paratype? A. M. N. H. 228. 


Paedeumias glabrum, new species 
(Plate 8, figures 2, 3) 


Paedeumias transitans Waucort (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 305, pl. 32, fig. 6. (See P. yorkense.) 

A relatively rare form with a wide smooth preglabellar area occurs with the other 
species at York and Lancaster. The excessive width of the preglabellar area exceeds 
that of P. perkinsi. 

Kinzers; Loc. 12w, Loc. 8q, and Loc. 12x. 

Ho.oryre and paratypes: U. 8. N. M. 90815. 
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Paedeumias yorkense, new species 
(Plate 6, figures 4, 5; Plate 9, figures 5-7; Plate 10, figures 1, 2) 


Paedeumias transitans Watcott (part) Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
p. 305, pl. 32, figs. 1-13; pl. 33, figs. 2-5; pl. 34, figs. 2-5, 7 (not pl. 24, 
fig. 12; pl. 33, fig. 1; and pl. 44, figs. 7, 8= Olenellus thompsoni; pl. 25, 
figs. 19-22 = undet. embryonic forms; pl. 41, fig. 7 =P. glabrum). 
Compared with P. transitans the new species differs in general appearance; the 
rim is wider toward the rear, and the thorax is both longer and heavier, giving 
the body a less triangular shape. This latter feature also renders the macropleural 
development of the third segment less conspicuous. 
P. yorkense has five posterior segments in addition to the pygidial plate, and does 
not vary from two to six as previously stated. 
Kinzers; Loc. 8q and Loc. 12w. 
Lectoryre and paratypes: U.S. N. M. 56810. 


Paedeumias eboracense, new species 
(Plate 8, figures 14, 15) 


In sorting the Paedewmias specimens from York, narrow forms were repeatedly 
observed, which, when set aside, numbered more than twenty. 

P. eboracense differs from P. yorkense chiefly in its shorter pleura, which causes 
the entire thorax to be narrower. This feature is also reflected in the relative 
width of the cephalon. 

Kinzers; Loc. 8q and Loc. 12w. 

Ho.oryre and paratype: U.S. N. M. 90817. 


Wanneria Walcott, 1910 


Wanneria Watcort, Smithsonian Misc. Coll., vol. 57, no. 6 (1910) p. 248, 296. 


Specimens illustrated by Walcott in his monograph on the Olenellids, published 
in 1910, have been located. These include Wanner’s original type of W. walcottana, 
of which only the hypostoma and attached plate were shown by Walcott. 

Diacnosis: Entire trilobite ovate, with a large cephalon. Cephalon semicircular 
in outline, typical for the family. Glabella wide, occupying about a third of 
width of cephalon, cylindrical in general shape, expanding slightly toward the 
frontal lobe and extending to the rim. Dorsal furrow clearly impressed, but not 
deep. Occipital furrow consists of two disconnected parts. Occipital ring with short 
spine. Three pairs of glabellar furrows present. The rear pair is disconnected and 
similar to the occipital, the second pair is reduced almost to slits; the third pair 
connects across the glabella and demareates the large rounded anterior lobe. Thus, 
there are formed the large anterior lobe, another back of it, which extends into 
the eyes, and two other normal ones, besides the occipital ring. 

Brim consists of rim only, which is rather wide, increasing toward the genal 
angles. 

Fixigenes presumably confined to the palpebral lobes, postero-lateral limbs and 
a small area back of the lobes. Eyes short, less than a third the length of the 
glabella, sharply bowed. 

Hypostoma large, about size of anterior glabellar lobe; attached directly to the 
long epistomal plate of even width, which is hinged or fastened near the genal 
angle. This plate is toothed along its inner edge, but just what this unique 
structure signifies is not clear. The hypostoma is also toothed both on the lateral 
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margins and along the posterior edge of the bar. The epistomal plate is attached 
its full length to the marginal plate. Marginal plate striated, epistomal plate 
reticulate. 

Thorax consists of seventen segments in the type species. The segments decrease 
regularly in size, except the last two, which are markedly smaller. Third with 
macropleural development. Dorsal and axial furrows deeply impressed. The first 
fourteen axial rings each bear a short spine, which increases slowly in size toward 
the rear. A large spine on the fifteenth segment probably is as long as the thorax. 
The two remaining reduced segments lack median spines. Segments nearly straight 
to fulerum, with wide pleural furrows, which taper gradually, terminating at the 
fulcrum. Pleural terminations, beyond the fulcrum, tapered to sharp points and 
curved backward. Doublure extends in to fulcrum. 

Pygidium small, consisting of a plate, slightly bilobate and with a median ridge, 
surrounded by tips of rear thoracic segments. 

Surface of entire trilobite coarsely reticulate, except marginal plate, which is striated, 
or scaly. 

Comparisons: Wanneria is not likely to be confused with other Olenellid genera, 
because of the non-enlargement of the third thoracic segment and the strongly reticu- 
late surface. Certain species of Olenellus are also reticulate, but never as strongly 
as Wanneria, nor does the pattern cover all the surface. 

Comparing Wanneria with Olenellus one notes first the greater width of the 
glabella and the shorter eyes; the thoracic segments decrease more evenly in length 
and the third segment is not enlarged. The toothed hypostoma and marginal plate 
also distinguish Wanneria. It differs from Paedeumias in the same manner as from 
Olenellus, the most conspicuous additional difference being in the forward position 
of the glabella and the lack of a stalked hypostoma. 

Genotype: Olenellus (Holmia) walcottanus Wanner. 

Rance: Confined to Lower Cambrian of North America. 


Wanneria walcottana (Wanner) 
(Plate 9, figures 9, 10; Plate 10, figures 8-10; Plate 11) 


Olenellus (Holmia) walcottanus WanNrER, Washington Acad. Sci., Pr., no. 3 (1901) 


p. 267, pl. 31, figs. 1, 2; pl. 32, figs. 1-4. 

Wanneria walcottanus Watcotr (part), Smithsonian Misc. Coll., vol. 53, no. 6 (1910) 
P yg _ - figs. 1, 2, 5-12 (not 3, 4 = Esmeraldina macer) ; pl. 31, figs. 12, 13; 
pi. 42, Ng. 0. 

Wanneria walcottana Wa.cott, Smithsonian Misc. Coll., vol. 64, no. 3 (1916) p. 219, 


pl. 38, figs. 1, 2. 
This species grew to large size, some individuals perhaps attaining a length of 18 
inches or more, thus making this the largest known Lower Cambrian trilobite. 
The illustrations present the specific characters far more clearly than a description. 
Kinzers; Loc. 8q, Loc. 12w, and Loc. 22L. 
Hovoryre: U. 8. N. M. 56807e; plesiotypes 56807, 70821, 85357; Princeton Univ.— 
40742, 40647, 41982; Y. P. M. 9295, 14345. 


Esmeraldina, new genus 


Several Olenellid species previously referred to the Atlantic Province genus Holmia, 


constitute a well-defined genus. 
Duacnosis: Olenellids with rather wide glabella, rounded anteriorly; eyes of mod- 
erate size; genal spines long; thorax considerably narrower than cephalon, with 
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seventeen segments in the genotype; no macropleural development of third segment ; 
occipital and small axial spines (15th not enlarged) ; pygidium evidently a small plate. 
Genotyre: Holmia rowei Walcott. 
Described species referable to Esmeraldina: 


Esmeraldina rowet (Walcott) 


Holmia roweit Wavcott, Smithsonian Misc. Coll., vol. 53, no. 6 (1910) p. 292, pl. 29, 
Esmeraldina occidens (Walcott) 
Wanneria occidens Watcorr, Smithsonian Misc. Coll., vol. 57, no. 11 (1913) p. 314, 
Esmeraldina macer (Walcott) 

(Plate 8, figures 10-12) 
Holmia? macer Watcotr, Smithsonian Misc. Co., vol. 57, no. 11 (1913) p. 313, pl. 


54, fig. 1. 
Wanneria waiselanen Watcort, Smithsonian Misc. Coll., vol. 53, no. 6 (1910), p. 302, 
pl. 30, figs. 3, 4. 
Several cranidia from York are illustrated in addition to the holotype. Unfortu- 
nately, the latter lacks the pygidium, retaining about fourteen segments. 
Kinzers; Loc. 12w, Loc. 22L, and Loc. 8q. 
Hororyre: U. S. N. M. 60092; plesiotypes 90819, 92726. 


Lancastria Kobayashi 


Lancastria peeraet, Imp. Univ. Tokyo, Jour. Fac. Sci., Sect. II, vol. 4, pt. 2 (1935) 
p. 

This unique trilobite was formerly referred to Olenopsis because of its widely 
spaced eyes. Relationships of Lancastria must be sought in the trilobite group to 
which Oryctocephalus belongs. 

Diacnosis: Cephalon wide, with strong genal spines. Glabella quadrate, with three 
pairs of furrows, shallow across the middle and next to the dorsal furrow, but deepened 
into pits about half way from the center to the dorsal furrow. Libragenes wide, with 
heavy eye ridges. Eyes moderate in size, bowed. Free cheeks smaller than fixigenes. 
Facial sutures possibly present, but whether fused or not cannot be determined. 

Thorax has nineteen long segments with long falcate terminations. Axis wide, 
without spines. 

Pygidial plate evidently small and similar to that of Wanneria. 

GenoryPE: Olenopsis roddyi Walcott. 


Lancastria roddyi (Walcott) 
(Plate 10, figure 3) 
— roddyt Wa.cort, Smithsonian Misc. Coll., vol. 57, no. 8 (1912) p. 244, pl. 36, 


Kinzers; Loc. 12w. 
Hotoryre: U.S. N. M. 58363. 
Bathynotus Hall, 1860 


Bathynotus Haut, N. Y. State Cab. Nat. Hist., 18th Ann. Rept. (1860) p. 117; Watcort, 
U.S. Geol. Surv., Bull. 30 (1886) p. 191. 


No structures indicating presence of eyes have been found. 
GenotyPe: Peltura (Olenus) holopyga Hall. 
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Bathynotus holopygus (Hall) 
(Plate 12, figures 6, 7) 
Peltura ( oe) holopyga Hau, N. Y. State Cab. Nat. Hist., 12th Ann. Rept. (1859) 


p. 61, fig. 3. 
Bathynotus holopyga Haut, N. Y. State Cab. Nat. Hist., 13th Ann. Rept. (1860) p. 118, 
fig.; Waxcort, U. 8. Geol. Surv., Bull. 30 (1886) p. 191, pl. 31, figs. 1, la. 
— quptinninons Emmons, Man. Geol., 2d ed. (1860) p. 280. 
arker; Loc 


Houoryre: A. M. N. H. 233 (original missing). (Cast of type, Walker Mus., Chicago 
Univ., 13273; cast of this cast, U.S. N. M. 67610) ; plesiotypes, U. S. N. M. 15409. 


Bonniella Resser, 1937 
Bonniella yorkensis, new species 
(Plate 5, figure 11) 

The illustration presents the specific characters, chief of which are the long, sub- 
cylindrical glabella, straight, incomplete glabellar furrows and the small eyes. 

Kinzers; Loc. 8q. 

U.S. N. M. 90821. 

Bonnia Walcott, 1916 
Bonnia sola, new species 
(Plate 3, figure 5) 

A single Bonnia pygidium was found in the Olenellus zone. This pygidium repre- 
sents a large species, thus bringing it close to Kootenia. There is a marginal spine 
at the anterior corner, with a possible second, but preservation is too poor to permit 
definite determination. 


Kinzers; Loc. 22L. 
Ho.otyre: U. 8S. N. M. 90820. 


Protypus Walcott, 1886 


Protypus hitchcocki (Whitfield) 
nis hitchcockt Wurtrretp, Am. Mus. Nat. Hist., Bull., vol. 1 (1884) p. 148, pl. 14, 


Peatigua hticheocki Watcort, U. 8. Geol. Surv., Bull. 30 (1886), p. 211, pl. 31, fig. 4. 


Casts of this unique type are in the National Museum collections, which show that 
Whitfield’s original figure, as well as Walcott’s reproduction of it, is incorrectly 
drawn. Chief of the inaccuracies is the preglabellar area, for in the specimen the 
glabella touches the rim. Also, the facial sutures are not open as drawn. 

P. hitchcocki is close to Kootenia so far as cranidial characters are concerned. 

Parker; Loc. 25. 

Ho.oryre: A. M. N. H. 232 (lost). Cast of holotype U.S. N. M. 15424. 


UNDETERMINED TRILOBITE 
(Plate 13, figure 7) 
This peculiar trilobite may belong to Wanneria. Only a few fossil fragments have 
been found at this outcrop, which is about half a mile north of the Fruitville quarry. 


Kinzers; B. G. Evans farm, 3 miles north of Lancaster, Pennsylvania. 
Type: U.S. N. M. 90822. 
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OTHER CRUSTACEA 
Tuzoia Walcott, 1912 
Tuzoia getzt Resser 
(Plate 13, figure 9) 


Tuzoia getzi Resser, U. S. Nat. Mus., Pr., vol. 76, no. 9 (1929) p. 10, pl. 7, fig. 1. 
Kinzers; Loc. 12x. 
Hovoryre: Y. P. M. 10044. 


Tuzoia vermontensis, new species 
(Plate 13, figure 1) 


Medusa? sp. Watcort, U.S. Geol. Surv., 10th Ann. Rept. (1891) pl. 59, fig. 1. 

This rather poorly preserved valve of T'uzoia was figured by Walcott without 
description and subsequently labeled “Medusa? sp.” 

Compared with the other Appalachian species, 7. vermontensis is more circular in 
outline. About six spines occur on the outer margin and eight or more along the 
hinge line. Details of the keel and reticulations are not preserved. 

Parker; Loc. 25. 

Howoryre: U.S. N. M. 26728. 


Tuzoia dunbari Resser 
(Plate 12, figure 1) 
Tuzoia? dunbari Resser, U.S. Nat. Mus., Pr., vol. 76, no. 9 (1929) p. 11, pl. 7, fig. 1. 
The holotype is illustrated to show the characteristic reticulated surface. 
Kinzers; Loc. 12x. 
Ho.oryre: Y. P. M. 10046. 
Tuzoia nitida, new species 


(Plate 10, figure 5; Plate 12, figure 5) 

This species averages smaller than the associated 7. getzi and, of course, cannot 
be confused with the long spined 7’. dunbari. None of the available specimens pre- 
serves the marginal or other spines, but the surface is similar to that in species of 
similar shape. 

Kinzers; Loc. 12x. 

Corypes: Y. P. M. 14381, 14389, 14353. 


Anomalocaris Whiteaves, 1892 
Anomalocaris pennsylvanica Resser 
(Plate 10, figure 4; Plate 13, figures 5, 6) 
nS poe Resser, U. S. Nat. Mus., Pr., vol. 76, art. 9 (1929) p. 12, 
pl. 5, fig. 5. 


The plesiotypes here figured are both referred to this species with reservation. 
Kinzers; Loc. 12x and Loc. 22L. 
Ho.oryre: U. 8S. N. M. 80487, plesiotype 90827; Y. P. M. 14388. 


Anomalocaris lineata, new species 
(Plate 13, figure 10) 
This species differs from the associated A. pennsylvanica in the straightness of its 
segments and appendages. 


Kinzers; Loc. 12x and Loc. 8q. 
Coryres: Y. P. M. 14389. 
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Anomalocaris? emmonsi (Walcott) 


?? emmonsit Wa.cort, U. S. Geol. Surv., Bull. 30 (1886) 93, pl. 11, 
fig. 5; U.S. Geol. Surv., 10th Ann. Rept. (1891) p. 605, pl. 59, fig. 4 

This small unique specimen, which came to the National Museum recently with } 
the E. Hurlburt collection, is too poorly preserved to be fully identified as it is 
merely a black film in micaceous shale of fairly coarse texture. Photography is 
impossible. Careful study indicates that it is a crustacean and probably Anomalocaris. 

Parker; Loc. 25. 

Hotoryre: U.S. N. M. 92727. 


Protocaris Walcott, 1884 


Protocaris marshi Walcott 
(Plate 10, figure 7; Plate 13, figure 8) 


Protocaris marshit Watcort, U. 8. Geol. Surv., Bull. 10, fig. 1; Bull. 
30 (1886) p. 148, pl. 15, fig. is REsseR, U.S vol. 76, art. 9 
(1929) p. 12, pl. 6, figs. i, 2 
An additional specimen, apparently referable to the species, was found at East 
Petersburg. 
Parker; Loc. 25. Kinzers; Loc. 22L. 
Hovoryre: U.8. N. M. 15400; plesiotype 90826. 


Roddyia Resser, 1929 


Roddyia tyna Resser 
(Plate 5, figure 10) 
Roddyia typa Resser, U.S. Nat. Mus., Pr., vol. 76, art. 9 (1929) p. 14, pl. 2, fig. 5. 
This unique crustacean is refigured. 


Kinzers; Loc. 12x. 
Howoryre: U. S. N. M. 80480. 


Hymenocaris Salter, 1853 


Hymenocaris dubia, new species 
(Plate 13, figure 11) 


Numerous examples of a phyllopod, often seemingly arranged in a definite order 
in the rock, apparently represents Hymenocaris. Compared with other known species 
of the genus, H. dubia is decidedly circular in outline. 

Kinzers; Loc. 12x. 

Howoryre: Princeton Univ. 41981. 


Sidneyia Walcott, 1911 


Sidneyia, species undetermined 


(Plate 13, figure 3) 


A few rear segments of a crustacean recall Sidneyia. 
Kinzers; Loc. 12x. 
Type: Princeton Univ. 41005. 
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UNDETERMINED CRUSTACEANS 
(Plate 12, figure 4) 


A unique rounded fossil is illustrated, without reference to any group. As can be 
seen in the enlargement of the surface, it appears to be porous, which apparently 
excludes this fossil from the phyllopods to which its shape relates it. 

Kinzers ; Loc. 12x. 

Type: Y. P. M. 14380. 

(Plate 13, figure 4) 

Claws of a crustacean, possibly related to Sidneyia, and, if so, possibly belong with 
figure 3. 

Cambrian, Kinzers; Loc. 22L. 

Typs: U.S. N. M. 90823. 


Indianites? species undetermined 


(Plate 5, figure 9) 


A single small valve has the shape of an Jndianttes, but identification remains in 
doubt. 

Kinzers; Loc. 22L. 

Tyre: U. S. N. M. 92725. 


Emmonsaspis, new genus 


The portion of this fossil in the animal kingdom must remain undetermined. 

Dracnosis: General shape ovate, blunter at one end (anterior?) than the other. 
The most conspicuous feature, aside from the oval shape, is the rod which begins 
abruptly about a third of the way back and extends almost to the posterior end. 
In proper light, a “herring bone” ribbing is apparent in some specimens, which 
evidently arises from about the center line and extends te the outer margins. The 
central rod, the ribbing, and the general shape of this animal argue strongly for its 
reference to the chordates. 

Genotyre: Phyllograptus ?? cambriensis Walcott. 


Emmonsaspis cambriensis (Walcott) 
(Plate 9, figures 1-4) 


Diplograptus ? simplex Wa.corr (not Emmons), U. 8. Geol. Surv., Bull. 30 (1886) 
p. 92, pl. 11, figs. 4, 4a. 
Phatoctaun ? simplex Watcort, Am. Jour. Sci., 3d ser., vol. 37 (1889) p 
Phyllograptus ?? cambriensis Wa.cort, U. 8. Geol. Surv., 10th Ann. Rept. +801) p. 
604, pl. 59, figs. 3, 3a. 


In the older literature this fossil is confused with the names Fucoides simplex 
Emmons. F. secalinus Eaton, and Diplograptus secalinus Eaton and Emmons, all of 
which are Diplograptus foliaceus (Murchison). Strictly speaking, the name simplez, 
which Walcott used in 1886 and attributed to Emmons, may be the proper name 
to use; but it will simplify matters to follow Walcott’s reasoning and use 
cambriensis as the specific name. The description quoted by Walcott in 1886 evi- 
dently refers to D. foliaceus, which leaves only his comments on page 93 as the 
description of FE. cambriensis. 

The illustrations, together with the generic diagnosis, describe the species 
adequately. 

Parker; Loc. 25. 

Coryprs: U.S. N. M. 15314. 
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Piate 1 
ALGAE, SPONGES, AND COELENTERATES 


Ottoia ? sp. undet. 
1. (X2) Slightly retouched photograph of this unique object. 
Marpolia filosa, n. sp. 
2. (X2) Group of — black in the photograph, but silvery in the rock. 
Dalyia pennsylvanica, n. 
3. Surface crowded with filaments. 4. A sparsely branched specimen. 5. (X2) 
Small group * wide branches doubtfully referred to the species. 
Leptomitus minor, n.s 
6. Photograph of the holotype. 
Dalyia annularoides, n 
7. (X2) Poutanen ‘of the holotype. 
Undetermined fossil 
8. Veined form resembling an insect wing. 
Margareta stosei, n. 
9. Folded example with slits stretched open. 10. Impression of outer surface; 
slits preserved as ridges. 11. Good — of ordinary appearance. Holo- 


type. 
Leptomitus zitteli Walcott 
12. (<4) 13. Enlargement and entire folded specimen. 14. Portion of Wal- 


cott’s 
Camptostroma roddyi Ruedemann 


15. Wax squeeze of the obliquely compressed holotype. 
Morania sparsa, n 
16. Surface with characteristic pieces of the alga. 
Leptomitus walcotti, n. sp. 
_ 17. Impression of the holotype. 
Kinzers: Loc. 22L—Figs. 1-11, 16; Loc. 12w—Fig. 15; Loc. 12x—Fig. 17. 
Parker: Loc. 25—Figs. 12-14. 
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2 
COELENTERATES, GASTROPODS, AND ECHINODERMS 


Margaretia ramosa, n. 
1. Photograph of the branched holotype. 
exigua, n. sp 

2. (X4) A fairly. "well preserved example of this delicate gastropod. 3. (X4) 
Impression showing the rate of increase in diameter. 

Rustella ? sp. undet. 
4. Impression of form which may be a brachiopod. 
wanneri, D. sp. 

5. Another individual compressed more nearly laterally. 6. An incomplete 
specimen showing the vesicular mass. 7-9. Photograph of counterparts, 
and enlargement (X4) of the holotype. 

Camptostroma resseri Ruedemann 
10. Photograph of the holotype. 

Kinzers: Loc. 12x—Figs. 1, 4; Loc, 22L—Figs. 2, 3; Loc. 8q—Figs 

Lower Cambrian; (loc. 20) south side Mettawee River, quarter ey a mile above 
North Granville Bridge, New York—Fig. 10. 
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PLaTEe 3 
ANNELIDS ? , GASTROPODS, AND TRILOBITES 


roddyi, n. 

1, 2. (X4) Two. Sauer cranidia. 3. (<4) A small pygidium, compressed later- 
“ally. 4. (X4) The holotype. 

Bonnia sola, n. sp. 
5. Dorsal view of the holotype pygidium. 
Helojonella pricet, n. sp. 
6. (X2) Squeeze of a large example. 7. (X2) Impression of another indi- 
vidual. 8. (X2) Vertically compressed example. 

Undetermined form 

9. Possible rear portion of a crustacean, or an alga. 
Annelid ? 

10. Photograph showing the segments. 
Undetermined form 

11. (<4) Long flexible arms or tubes. 
Paterina sp. undet. 

12. (X4) Photograph of a distorted valve. 
Salterella acervulosa, n. sp. 

13. (<2) A group of impressions which suggest that the exterior was irregularly 
ribbed. 14. (<2) Mould showing circular cross section. 15. Mould and 
partial cone. 16. (X2) Another example showing the sharp point to which 
this form tapers. 

Olenellus thompsoni (Hall) 

17. A small complete specimen figured by Walcott. 18. (X%) Excellent indi- 
vidual with the posterior segments. 19. (X34) Plaster cast, evidently 
of Hall’s holotype. 

Kinzers: Loc. 8q—Figs. 1-3, 14, 16; Loc. 12w—Figs. 4, 6, 13-15; Loc. 22L—Figs. 5, 

7-10, 12; Loc. 12x—Fig. 11. 

Parker: Loc. 25—Figs. 17-19. 
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Puate 4 
GASTROPODS, TRILOBITES, BRACHIOPODS, AND CYSTIDS 


Hyolithes sp. 
3 2) Two of the narrow tubes characterizing the species. 
Hyolithes sp. 
3. (X2) Note the circular cross section. 
Hyolithes wanneri, n. sp. 
4. (X2) A rather good specimen. 5, 6, 7. (X4) Opercula. 8. (X2) Slab with 
numerous examples. 9. (2) Impression showing the carina. 
Selkirkia pennsylvanica, n. sp. 
10. (X4) Small specimen referred to the species (PI. 5, fig. 8). 
Olenellus similaris, n. sp. 
11. (X2) The hypostoma referred to the species. 12. A larger specimen retain- 
ing the hypostoma and imperfect segments posterior to the fifteenth. 
13. Cranidium for comparison with O. getzi. 14. A fairly complete indi- 


vidual. 
Olenellus vermontanus (Hall) 
15. — evidently made from Hall’s original. 16. The beautiful specimen 
by Walcott. 
Paterina roddyi, n. sp. 
17. A dorsal valve, with the growth lines shown in the impression of the ex- 
terior. 18. (X4) Both valves obliquely compressed; ventral valve below. 
Stromatocystites walcottt minor Schuchert 
19. The holotype slab. 
Stromatocystites walcotti Schuchert 
20. Enlarged (2) and natural size of the best example. 
Kinzers: Loc. 22L.—Figs. 1-3, 8-10, 17, 18; Loc. 8q—Figs. 11-14; Loc. 12x—Figs. 4-6. 
Rome: Loc. 24L; near Webster, northeast of Roanoke, Virginia—Fig. ‘fi 
Parker: Loc. 25—Figs. 15, 16. 
Lower soggy Loc. 41x; East Arm, Bonne Bay, west coast of Newfoundland 
-—Figs 
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Puate 5 


TRILOBITES AND OTHER CRUSTACEA © 


Olenellus getzi Dunbar 
1. A moderate-sized head showing the eyes, intergenal and occipital spines. 
2. Photograph of the holotype. 3. Enlargement (4) of the right genal 
angle (Princeton 40835). 4. (<4) Reticulate markings in axial furrows. 
5, Rear ‘“ ortion of thorax showing three segments and pygidial plate poste- 
rior to the a (Yale 14365). 
Olenellus geogiensis, n 
6. A smaller a with the posterior segments folded forward over the others. 
7. Holotype specimen. 
Selkirkia pennsylvanica, n. sp. 
8. (<2) Surface with several tubes. Holotype. 
Indianites? sp. undet. 
9. (<4) view. 
typa Resse 
0. Re dllustration of the holotype. 
11. Dorsal view of holotype cranidium. 
Kinzers: Loc. 12x—Figs. 1-5, 10; Loc. 22L—Figs. 8, 9; Loc. 8q—Fig. 11. 
Parker: Loc. 25. 
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Puiate 6 
TRILOBITES 


Olenellus nodosus, n. sp 
1,3. An incienniate. specimen, and enlargement (4) of the glabellar area. 2. A 
larger example of this peculiar species. 
Paedeumias yorkense, n. sp. 
4,5. (<4) Young stages. 
Olenellus roddyi, n. sp. 
6. An individual showing the posterior segments. 7. Several individuals; the 
one on the rag is the holotype. 
Olenellus terranovicus, n 
8. Photograph of 
Olenellus latilimbatus, n. sp. 
9. Holotype cranidium. 
Olenellus peculairis, n. sp. 
10. Incomplete cranidium. 
Kinzers: Loc. aa , 3, 10; Loc. 8q—Figs. 4, 5; Loc. 12w—Figs 6, 7; 
Loc. 22L—Fig. 9 
eae (Loe. 41f) East Arm, Bonne Bay, west coast of Newfoundland 
—fig 
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TRILOBITES 


Olenellus wanneri, n. sp. 
1. The holotype cranidium. 
Olenellus crassimarginatus (Walcott) 
2. Photograph of the holotype. 
Olenellus bonnensis, n. sp. 
3. (X%) The 
Olenellus romensis ?,n 
4. (X2), 5. (<6), (<2) Cranidia. 
— alius, n. sp. 
7. Large cranidium showing the characteristics of the eye and genal angle. 
8. Portion of the cephalon and thorax. 
Kinzers: Loc. ~ lt bg 1, 7-8. 
Parker: Loc. 25—Fig. 2. 
Lower Cambrian: Lex. 41f, east shore of East Arm, Bonne Bay, west coast of New- 
foundland—Fig. 3 
Rome: Loc. 47n, 1 mile east of Cleveland, Tennessee—Figs. 4-6. 
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Paedeumias perkinsi, n. sp. 
1. The holotype 
Paedeumias glabrum, n.s 
2. The holotype is ‘the left hand specimen. 3. Two incomplete individuals. 
Olenellus jonasae, n. sp. 
4. Portion of the thorax showing the long pleura. 5. Small cranidium doubt- 
fully referred to the species. 6. A relatively undistorted cranidium. 
Olenellus nitidus, n. sp. 
7-9. The cotype cranidia. 
Esmeraldina macer (Walcott) 
10, 11. Cranidia, variously compressed, showing size of eyes. 12. The laterally 
compressed holotype. 
Paedeumias transitans Walcott 
13. The lectotype. 
Paedeumias eboracense, n. sp. 
14. Good example of the species. 15. The holotype. 
Olenellus schucherti, n. sp. 
16. Cranidium and thorax of the holotype. 17. Cast of the specimen in the 
collections of the Canadian Survey. 
Olenellus brevoculus, n. sp. 
18. The holotype specimen retaining part of the thorax. 19. A cranidium show- 
ing the small eyes and the post-ocular elevations. 
Parker: Loc. 25—Figs. 1, 13. 
Kinzers: Loc. 12w—Figs. 2, 12; Loc. 8q—Figs. 3, 10, 11, 14, 15; Loc. 22L—Figs. 4-6; 
Loc. 12x—Figs. 7-9. 
a a Loc. 41x, east shore Bonne Bay, west coast of Newfoundland— 
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PLaTE 9 
TRILOBITES AMD UNDETERMINED ORGANISMS 


Emmonsaspis cambriensis (Walcott) 

1. Unretouched photograph of a specimen showing the ribbing arising from 
the central line. 2. A less complete specimen showing the alimentary 
canal. 3. Another individual evidently compressed laterally. 4. Several 
examples showing the canals. 

Paedeumias yorkense, n. sp. 

5. Rear of thorax showing pleura, axial spines and posterior segments [Walcott ’ 
(1910) pl. 32, fig. 9]. 6. (<2) Cranidium with the marginal plate and 
hypostoma folded back [Walcott (1910) pl. 34, fig. 6]. 7. (<2) Hypo- 
stoma with its stalked attachment to the epistomal plate [Walcott (1910) 
pl. 34, fig. 7]. 

Olenellus sp. undet. 
8. (X2) Note the spreading course of the spines. 
Wanneria walcottana (Wanner) 

9. Typical hypostoma. 10. Rear segments and pygidial plate. Note strong 

spine on the fifteenth segment. 
Olenellus agellus, n. sp. 

11. A cranidium compressed longitudinally (see Pl. 16, fig. 4). 12. (X34) The 
holotype specimen. 13. (*%4) Another complete individual, the basis of 
the 1886 restoration of O. thompsoni. 

Parker: Loc. 25—Figs. 1-4, 11-13. 
Kinzers: Loc. 8q—Figs. 5-7, 9, 10; Loc. 12w—Fig. 8. 
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Prate 10 


TRILOBITES AND OTHER CRUSTACEA 
1A — with the marginal plate somewhat displaced [Walcott (1910) 
pl. a. Be 5]. 2. The specimen chosen as the lectotype [Walcott (1910) 
1, 32, fig. 10]. 
roddyi (Walcott) 
3. Photograph of the holotype. 
Anomalocaris pennsylvanica Resser 
4. The holotype. 
Tuzoia nitida, n. sp. 
5. A small imperfect specimen. 
Undetermined form 
6. (<4) An example with the spine or rod extending out both ends. 
Protocaris marshi Walcott 
7. (X2) The poorly preserved plesiotype. 
Wanneria walcottana (Wanner) 
8. A good entire specimen from York. 9. (X%§) The holotype. 10. (X4) En- 
largement of plates near > genal angle. 
Kinzers: Loc. 8q—Figs. 1, 2, 8, 9; Loc. 12w—Fig. 3; Loc. 12x—Figs. 4, 5, 10: 
Loc. 22L—Figs. 6, 7. 
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Piate 11 
WANNERIA WALCOTTANA (WANNER) 


Wanneria Walcottana (Wanner) 
(X2) Impression of outer test, showing the reticulate surface ornamentation, 
by means of which even a small fragment can be assigned to Wanneria. 
Kinzers: Loc. 22L. 
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PHYLLOPODS AND TRILOBITES 


Tuzoia dunbari Resser 
1. The holotype. 
Olenellus romensis, n. sp. 
2, 3. Holotype and paratype cephala. 
Undetermined crustacean 
4. Photograph of the whole and portion enlarged (X4). 
Tuzoia nitida, n. sp 
5. — ‘right valve. These fossils are usually poorly differentiated from the 


(Hall) 
6. Dorsal view of a specimen with complete thorax and A erapmpe 7. Impres- 
coed of under side of thorax and the hypostoma attached to the epistomal 
ate 
Kinzers: c-. 12x—Figs. 1, 4, 5. 
Rome: Loc. 24L, near Webster, northeast of Roanoke, Virginia—Figs. 2, 3. 
Parker: Loc. 25—Figs. 6:7. 
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Prate 13 
PHYLLOPODS AND OTHER CRUSTACEA 


Tuzoia vermontensis, n 
1. (X%) Photograp of the holotype. 
Undetermined form i 
2. (X4) A cup-shaped organism. 
Sidneyia sp. undet. 
3. Rear of thorax. 
Undetermined crustacean 
4. Example of crustacean claws. 
Anomalocaris pennsylvanica Resser 
5. A small specimen referred to the species. 6. A large specimen which may 
not belong to the species. 
Undetermined trilobite 
7. Thorax of a peculiar granulated trilobite. 
Protocaris marshi (Walcott) 
8. a of the holotype. 
Tuzoia getzi Resse 
9. Photograph. of the holotype. 
Anomalocaris lineata, n. sp. 
10. (X2) The holotype. 
Hymenocaris dubia, n. sp. 
11. The holotype. 
Parker: Loc. 25—Figs. 1, 
Kinzers: Loc. 22L—Figs. 3 4, 5; Loc. 12x—Figs. 3, 6, 9-11; B. G. Evans quarry, 3 
miles north of Lancester, Pennsylvania—Fig. 7. 
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HISTORICAL NOTE 


Early in the history of seismology it was occasionally suggested that, 
in addition to earthquakes with foci comparatively near the surface of 
the earth, shocks might also originate at depths of the order of several 
hundred kilometers. However, down to a comparatively recent date, 
all such conclusions were either purely speculative or were based on 
inadequate or misinterpreted data. 

The first scientifically sound determinations of great focal depth were 
made by H. H. Turner (1922), the first results being published in 1922, 
followed by much more detailed and accurate work in connection with 
his editing of the International Seismological Summary. These conclu- 
sions were based on the abnormally early arrival of the first waves at 
distant observatories. However, he also reported several instances in 
which these first waves apparently arrived late at great distances, indi- 
cating focal depth less than normal, or “high focus.” In his first paper, 
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shocks were given with assigned depths from 0.021R (130 km.) above 
normal to 0.061R (390 km.) below normal (where R is the radius of the 
earth). He then suggested that the normal shocks were about 0.04R 
(250 km.) below the surface, and repeated and confirmed this conclusion 
in later publications. 

As there was already considerable other evidence that normal shocks 
originate comparatively near the surface, the reported examples of “high 
focus” tended to cast doubt on the entire group of results. At present, 
it is clear that Turner’s examples of “high focus” are due to inadequate, 
erroneous, or misinterpreted data; and for some time it was natural to 
draw the same conclusion with reference to the cases of deep focus. 

The situation was changed with ihe publication in 1928 of a paper by 
Wadati (1926-1928). It was there clearly shown that there are two 
types of earthquakes in the Japanese region, differing both macroseis- 
mically and microseismically. One type corresponds to normal earth- 
quakes, such as are observed in all parts of the world; the macroseismic 
intensity falls off rapidly with distance from its high maximum near the 
epicenter, and the travel times are normal. In the second type, the area 
of perceptibility is often very large with a comparatively low maximum 
intensity; the distribution of intensity is irregular, and shows no definite 
maximum near the epicenter, where the shock may even pass unobserved. 
The travel times are abnormal; even at the epicenter the transverse 
waves arrive considerably later than the longitudinal waves. In the 
examples reported by Wadati, this interval is of the order of 40 seconds, 
corresponding to depths of the order of 400 kilometers. For deeper 
shocks, such as are now known, the interval at the epicenter may exceed 
one minute. (For normal shocks this interval is five seconds, more or 
less.) As also pointed out by Wadati, the travel times of the longi- 
tudinal and transverse waves, individually, increase with distance much 
more slowly in the deep shocks than in the normal shocks. 

A conspicuous characteristic of the seismograms of deep-focus shocks, 
especially at large distances, is the absence of surface waves or their 
comparatively small amplitude. It had already been pointed out by 
Zoeppritz (1912) in a paper published after his death (1908), that seis- 
mograms indicate the existence of two types of earthquakes, one of which 
(the normal type) is characterized by relatively large surface waves; 
in the other type, such waves are comparatively small. He explained 
the difference as due to a difference in mechanism of origination. How- 
ever, it had already been shown by Lamb (1904) that the amplitude of 
Rayleigh waves decreases exponentially with increasing depth of the 
source. This and further considerations of the same type were adduced 
by Banerji (1925) as evidence against a focal depth greater than 100 
kilometers, as, for greater depths, no surface waves should be observable. 
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In a review of Banerji’s paper, Byerly (1925) pointed out that this 
consideration overlooks the circumstance already noted by Zoeppritz, 
and he referred particularly to the seismograms of two shocks which 
actually are cases of deep focus (listed as numbers 28 and 234 in Table 1 
of the present paper). Jeffreys (1928) showed that Lamb’s result is a 
special case of a general theorem and, consequently, applies to Love 
waves and other surface waves. By ir estigating the travel times of 
surface waves reported for deep shocks in the International Summary, 
Stoneley (1931) was able to show that these largely refer to reflected 
body waves, such as SS, SSS, or to very long waves (G) for which the 
exponential extinction with increasing depth is less rapid than for shorter 
waves. 

A still more important characteristic of the seismograms of deep-focus 
earthquake is the increased number of clear phases, there being usually 
many more sharp impulses than on most seismograms of normal earth- 
quakes. It has been pointed out independently by Walker (1921) by 
Gutenberg (1923) and by Berlage (1924) that when the focus is at an 
appreciable depth below the surface, two reflected longitudinal waves 
may be recorded at a given station. In one, the point of reflection is 
nearly midway between epicenter and station; this wave also exists for 
zero focal depth, is commonly observed in both normai and deep shocks, 
and is designated as PP. The alternative point of reflection is nearer 
the epicenter than to the station; for great distances it is close to the 
epicenter. The corresponding wave coincides with the direct longitudinal 
wave (P) for zero focal depth. It is regularly observed in deep shocks, 
and occasionally in normal shocks; it is designated as pP. The interval 
pP-P increases rapidly with depth, but varies slowly with distance, and 
consequently affords a very precise determination of the focal depth. 
The corresponding wave, where the first short path (upward) is trans- 
verse, and the remainder longitudinal, is sP. Other waves, such as sS, 
pS, sPP, exist, and this accounts, in large part, for the complexity of the 
seismograms of shocks originating at great depth. 

Scrase (1931) and Stechschulte (1932) independently made use of 
these waves in the interpretation of seismograms and the determination 
of the depth of deep-focus earthquakes. 

In the course of time, almost all the observed waves have been used 
for determining the focal depth. Especial importance attaches to ScS, 
the transverse wave reflected from the outer surface of the core. On 
ordinary seismograms of normal earthquakes, this phase tends to be 
obscured by the surface waves; however, it may be distinguishable on 
the records of short-period instruments. Where the record is that of a 
deep-focus shock, the surface waves being absent or reduced, ScS often 
stands out as a conspicuous wave, which has not rarely been taken for 
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the S of an aftershock. This is particularly true at the shorter distances, 
even within a few degrees of the epicenter. The travel time varies 
rapidly with focal depth (about 2 sec. per 10 km.) and changes only 
slowly with distance, so that, if the-origin time is known, ScS affords a 
very accurate measure of the depth of focus. These circumstances have 
been studied by the Japanese investigators (Kadoya and Hidaka, 1933; 
Miyamoto, 1933), who have made use of the observations of shocks in 
the Japanese area. The wave sScS is also observable at short distances, 
and Hayes (1936a) has used sScS-ScS to determine depth. 

As previously noted, the longitudinal wave through the core of the 
earth, P’, was the first wave used by Turner to determine focal depth. 
Observations of this wave are still of much importance, particularly in 
establishing the fact of depth. The wave pP’ and the interval pP’-P” 
can be used in the same way as pP and pP-P. The writers have drawn 
attention to the wave P’P’, and applied it in the study of deep-focus 
shocks (Gutenberg and Richter, 1934a, 1934b) P’P’ is the P’ wave re- 
flected at the surface. It is strongest between distances of 55° and 85°, 
where it arrives from 37 to 40 minutes after the origin time. Although 
this travel time, like that of P’, depends on the depth of focus, and does 
not change rapidly with distance, the interval P’P’-P is nearly inde- 
pendent of focal depth, and varies rapidly with distance, so that it can 
be used to determine distance if the depth is not known. 

The writers have made much use of SKS, the wave which is transverse 
in the mantle and longitudinal in the core. It is observed at greater 
distances, and can be used to determine depth in the same way as ScS 
at short distances. 

For precise determinations of focal depth, tabulated travel times of 
all observed waves for various depths are required. Such tables can be 
derived from the known travel times for normal shocks, and checked 
against the observations of deep shocks. The first extended tables of 
this type were published by Wadati and Masuda (1933). A chart show- 
ing travel times for the principal waves has been constructed by Brunner 
(1935). Tables for all commonly observed waves, for depths at intervals 
of 100 to 800 kilometers, have been published by the writers (Gutenberg 
and Richter, 1936). 


PREVIOUS RESULTS ON GEOGRAPHICAL DISTRIBUTION 


The first account of the distribution of deep-focus shocks over the 
world was given by Turner (1930; British A. A. S., 1930). He com- 
mented as follows: 


“There now have been 141 cases of abnormally deep focus discussed in the 
Summary, and 17 cases of high focus. The latter are in several ways more doubtful 
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in character and will presently be rediscussed as a whole. But there can be little 
doubt about the numerous cases of deep focus. Their positions have been marked 
on a map... and show a pronounced restriction to certain regions; most of them, 
and especially the deepest, seem to affect the boundary of an oval region about 
180° long, centered with fair accuracy on the Equator, and including a considerable 
part of the Pacific Ocean, though its eastern boundary intrudes into S. America. 
The suggestion has more than once been made that the moon came out of the 
Pacific Ocean; does this tolerably symmetrical curve indicate the scar which is 
even not yet quite healed?” 


As already noted, Wadati in 1928 had initiated the study of deep- 
focus shocks in the Japanese region. Since then, there has been a series 
of papers on the subject by Wadati, his collaborators, and other Jap- 
anese workers. Many of these are published in the Tokyo Geophysical 
Magazine. As the volume of this material is great, and as much of it 
has been inaccessible to us, the writers make no attempt at a complete 
bibliography, but refer, instead, to a paper published by Wadati (1934), 
giving a summary of results to 1934. He finds that “epicenters of most 
deep-focus earthquakes lie quite regularly along two zones which are 
intersected perpendicularly with each other near Vladivostock. The one 
is named as traversing deep-focus earthquake zone and the other as 
Séya deep-earthquake zone. It is the former one that the author first 
found in the investigation of deep-focus earthquakes in this region, 
which extends over more than 2000 kilometers from the neighbourhood 
of Vladivostock to the Islands of Ogasawara, traversing the Japan 
Proper almost perpendicularly through its narrow part. And the other 
one lies in the northern part of the Japan Sea and extends to the north- 
western direction along the Tisima (Kuril) Islands, passing through the 
Straits of S6ya.” The shocks assigned to these two zones are, with few 
exceptions, at depths greater than 300 kilometers. Wadati adds that: 
“Besides these two deep-focus earthquake zones, there exists another 
one along the Ryikyd Islands, starting from the middle part of Kyisyai 
Island.” Here, Wadati lists one shock with depth between 200 and 300 
kilometers, and several at depths less than 200 kilometers. Finally, 
Wadati refers to the distribution of “intermediate earthquakes” (at 
depths between 100 and 200 kilometers), which is quite different from 
that of the deeper shocks and, in general, follows the zones of active 
volcanoes. (The intermediate shocks in the Kyfisyf region may belong 
to this category.) 

Wadati draws contour lines of equal focal depth, which indicate that 
the focal depths in the northern and eastern part of the region studied 
increase with increasing distance from the Pacific Basin. 

Many studies of the geographical distribution of these shocks have 
been based on the results in the International Summary. To facilitate 
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reference, Conrad (1933) compiled a list, with an index map, of shocks 
assigned abnormal focal depth in the International Summary for 1919- 
1928. Following Turner, Conrad assumed a normal focal depth of 0.04 
R (255 km.). His list also includes the cases of “high focus.” 

Visser (1936a) has examined the shocks designated as “deep” in the 
International Summary, pointing out that the number of stations report- 
ing surface waves decreases rapidly with increasing focal depth, and 
has concluded that it is possible to determine focal depth in this way. 
His findings as to the geographical distribution agree with those of 
Wadati and Turner. In a second paper, Visser (1936b) has used this 
method to suggest revised depths for many shocks, has added new 
examples and removed some old ones, and has given charts showing 
the results as to the distribution in the various active areas. He has 
accepted Wadati’s contours of equal depth for the Japanese area, and 
has drawn similar contours for South America. 

Leith and Sharpe (1936) have given charts showing epicenters taken 
from the International Summary, from the preliminary bulletins of 
the Jesuit Seismological Association, and from various other sources. 

Hayes (1936b) has given a catalogue of known or suspected deep- 
focus earthquakes in the New Zealand region from 1918 to 1934, based 
in part on the International Summary and other sources, and in part 
on original investigation. 

Berlage (1937) has given a similar catalogue for the Netherlands East 
Indies for 1918 to 1936. He has critically revised the data of the Inter- 
national Summary, and added some important examples, especially in 
recent years. On his map he has drawn contours similar to those of 
Wadati. 

Davison (1937) has published a paper using the data of the Inter- 
national Summary without revision (except for taking the depth of the 
normal earthquake as 50 km.), and giving maps for the active regions. 

Yamaguti (1937) has used the unrevised results of the Summary, 
taking the normal depth as 255 kilometers, and gives a chart showing 
distribution over the world on this basis. 

As, with the exception of the Japanese investigators and Berlage, 
all these papers are based, in large part, on the epicenters and focal 
depths as given in the International Summary, their conclusions are 
necessarily similar to one another and to the preliminary results of 
Turner. 

In the present paper, the writers have undertaken a recalculation of 
all the results on deep shocks given in the International Summary, of 


1The (unpublished) list of epicenters used was kindly placed at the writers’ disposal by J. A. 
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those given as deep in the other papers noticed, making use of additional 
available data, including reported readings of the more important 
shocks in recent years as taken from the station bulletins, the Jesuit 
Seismological Association preliminary bulletins, and the reports from 
Strasbourg, the United States Coast and Geodetic Survey, the Russian 
stations, and others. Unfortunately, the reports of the Japanese sta- 
tions have been available only in part; this is especially true of those 
stations associated with the Central Meteorological Observatory, as 
their Seismological Bulletin does not reach the writers. Several impor- 
tant papers on individual shocks, of which much use has been made, will 
be found referred to in the discussion or in the tabulations. 


DETERMINATION OF EPICENTERS AND DEPTHS 


Methods for determining the epicenter, depth, and origin time of a 
given shock have been discussed in detail by the writers in two recent 
papers (Gutenberg and Richter, 1936 and 1937). In several instances 
the epicenter has been found by using pairs of stations with nearly 
equal times of first motion and applying the method of least squares. 
For routine determination, however, a method has been used which is 
given in principle in the papers cited, but will be explained here in 
connection with a specific example. 

The shock to be discussed is that of October 18, 1931, at 4" (number 
51 of Table 1). The International Summary gives origin time 04:30:30, 
epicenter 25.2° S., 179.5° W., focal depth 0.06 below normal (410 km. 
below the surface if the normal shock is at 25 km. depth). Among the 
additional readings are several which appear to refer to pP. These data 
appear in the following tabulation (where A is the epicentral distance 
given in the Summary: 


Station A pP-P h 


The depths h corresponding to the given distances and pP-P are 
taken from Table 48 of “Materials . .” This gives a depth of about 
500 kilometers, which is a good enough approximation for the appli- 
cation of Table 45 of the same paper to determine the interval P — O 
from S — P. The following tabulation gives the data and results of 
this procedure: 
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Station P S—P P—O oO 

5 52 4 28 5 35 17 
9 00 7 01 8 50 10 
1l 42 9 42 ll 44 -2 


In this table, P is the time of P later than the origin time of the Sum- 
mary; S-P is the interval between the S and P waves as given in the 
Summary; P — O is the travel time of P derived from S-P by the 
table referred to, and O is the resulting origin time from the data of 
the individual station, later (positive) or earlier (negative) than the 
origin time of the Summary. The average of the last column is zero, 
with a mean error of +11 seconds. 

The origin time of the Summary is adopted as correct and, conse- 
quently, the travel time for P as tabulated. From these, assuming a 
focal depth of 500 kilometers, the epicentral distances can be calcu- 
lated, using Table 1 of the second paper on “Materials. . .” Each 
calculated distance can then be compared with the distance from the 
Summary epicenter, and the residuals plotted in azimuth, as described 
in the second paper. The data are as follows: 


Station Azimuth P A (8.8.) | A (calculated) | Residual 
248 9 00 56.6 56.6 0.0 
329 10 51 73.6 74.6 1.0 
330 10 55 74.2 75.3 1.4 
300 11 20 80.0 79.8 -0.2 
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Station Azimuth P A(L8.8.) | A (calculated) | Residual 
44 11 55 84.8 86.8 2.0 


The azimuth of the station from the epicenter, the travel time of P, 
and the first column for distance, are taken from the Summary. There 
is plainly no systematic variation of the residuals with distance, as can 
be easily seen by comparing stations at different distances in about the 
same azimuth, such as Apia and Berkeley, or Kobe and Irkutsk. Con- 
sequently, the depth must be nearly correct. However, the positive 
residuals are slightly in excess, suggesting that the origin time should 
be a little later. This is a common experience when the origin time is 
determined from S-P (as has been pointed out in the first paper on 
“Materials . .”), so that the writers’ usual practice has been to add a 
few seconds to such origin times. (This has been done in the second 
paper, where the residuals are plotted in a figure.) With the exception 
of the aberrant result at Batavia, the present residuals, when plotted 
in azimuth, fall near a smooth sinusoidal curve, with minimum about 
200° and an amplitude about 114°. This indicates that the true epi- 
center is about 114° south and slightly west of that given in the Sum- 
mary. From this, and from comparison with other shocks in the region, 
the epicenter was finally adopted as 26° S. 180°. 

With the revised epicenter, the observations of pP can be used to 
determine a precise origin time, using Table 46 of “Materials I.” This 
is shown in the following table, in which A is the distance from the 
revised epicenter, and ¢ is the corresponding travel time for normal 
focal depth, increased by the constant given in the table referred to: 


Station A pP 4% (pP +P) t oO 
83.8 11 42 13 46 12 44 12 35 9 
83.9 11 47 13 35 12 41 12 36 5 
84.0 11 45 13 34 12 39 12 36 3 
84.1 11 47 13 39 12 43 12 37 6 


This would indicate an origin time about 5 seconds later than that 
given by the Summary and found from S-P. The writers have 
adopted a time 3 seconds later, at 04:30:33. With the revised depth 
and origin time, the depth can be calculated from the observed travel 
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times. The following examples are typical of the extensive material 


for this shock. 
First use the observations of P!: 


Station P’-O h 

Make similar use of SKS: 

Station SKS-O h 


Although P has been used to determine the epicenter with an original 
assumption of depth 500 kilometers, it can be used as an important check 


in the same way: 


Station P-O h 


From the excellent agreement of these results with the determination 
from p-P, it is clear that the depth is close to 500 kilometers. The final 


results therefore are as given in Table 1 (number 51). 


The entire body of shocks reported in Tables 1, 2, and 3, was worked 
over in this way. The work is comparatively rapid when, as in the 
example, the International Summary is available and gives an epi- 
center close enough to be used as first approximation. Otherwise, it is 
necessary to assume an epicenter, and to calculate distances and deter- 


mine azimuths. 


— 
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All the observations for about fifty shocks have been plotted on a 
large scale. Occasionally, this was done for the better-observed shocks, 
in order to make certain that the observations actually do refer to the 
expected reflected and refracted waves. Later, the same procedure was 
resorted to in doubtful cases, to make sure of the identification of pP 
and other phases, before going on to precise calculations. 

Some question may arise as to the propriety of drawing the conclu- 
sions from readings reported in station bulletins, without attempting to 
collect and examine the original seismograms. However, it has been 
found, by Jeffreys (1936) as well as by the writers, that the reported 
readings of the important phases at the better stations, especially in 
large shocks, generally do not differ significantly from those read from 
collected seismograms by a single investigator. This is confirmed by 
the results of Stechschulte (1932), Scrase (1931), and others who have 
published readings in detail. 

The writers have made full use of original records at Pasadena and 
Huancayo, for all shocks which were adequately recorded at these 
stations. 

Collecting seismograms would undoubtedly yield further data; but 
it is manifestly impracticable to carry this out for more than a small 
number of shocks, so that geographical investigation must depend on 
published reports. The writers have considered numerous shocks which 
had to be omitted from the lists for lack of data. Investigators in pos- 
session of original seismograms for these may find it possible to deter- 
mine their epicenters and depths, and to improve the determinations for 
other small and doubtful shocks. 

The writers have begun an investigation of the travel times observed 
in deep-focus shocks; for this purpose, many original seismograms will 
be required, as many phases which are clear on the seismograms are not 
reported in station bulletins. 

CATALOGUE OF DEEP-FOCUS EARTHQUAKES 

The results of these investigations are given in Tables 1, 2, and 3. 
The principal body of material used has been taken from the Interna- 
tional Summary as far as this is now completed, from 1918 through 
March 1932. All shocks qualified in the Summary as deep or possibly 
deep have been investigated, as well as those additional shocks in the 
same period which various authors have suggested as deep. The Sum- 
mary has also been searched for records of shocks given as normal, for 
which the reported data suggest abnormal depths. Particular attention 
has been paid to such suspicious circumstances as large negative resid- 
uals in P’ and SKS, absence of reported surface waves, series of shocks 
a few minutes apart, or notes or other evidence of difficulty in finding 
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a satisfactory solution. In general, the writers have rejected shocks 
(usually small) for which the data were insufficient to establish the 
fact of abnormal depth, or where the abnormal depth seemed probable, 
but it was impossible to locate the épicenter with any useful degree of 
accuracy. This applies to a number of shocks in the Japanese region, 
which have been assigned abnormal depths by Wadati and others on the 
basis of original seismograms or readings not available to the writers 
and not reported in the International Summary; also to a number of 
shocks in the East Indies, for which Berlage has used the original data 
at Batavia and other stations. With these exceptions, the catalogue is 
thought to include all important deep-focus shocks for the period 
between January 1, 1918 and April 1, 1932. 

For the time preceding:1918, observational data are available only in 
more or less irregular and scattered form, so that the identification and 
study of deep-focus shocks in these earlier years is largely a matter of 
good fortune. Wadati has listed more than twenty deep shocks in the 
Japanese region from 1905 to 1917, and Turner in his first paper gave 
a few examples. These have been worked over when sufficient data 
were available. The reports of several stations (particularly Gottingen) 
have been examined for unusual shocks, such as multiple shocks and 
shocks with no surface waves. The net result is that, of the 257 listed 
in Table 1, twelve occurred before 1918; these are clearly a chance selec- 
tion and of no statistical significance. Painstaking search in libraries 
where more old station reports are available, or careful examination of 
the file of seismograms at one of the older stations, may well provide a 
larger number of examples. 

For the time since April, 1932, the bulletins of most of the active 
stations are on file at Pasadena, and this material has been used. How- 
ever, the writers have not attempted to produce a complete catalogue 
of the recent deeper shocks, but have selected only the larger ones 
or those interesting for their location. Table 1 includes all the shocks 
which have been found to be definitely at abnormally great depth. 
Each shock is given a serial number, the order of arrangement being 
geographical. The times given are the Greenwich mean times of origin; 
depths are measured from the surface. The last column contains letters 
referring to the general annotations. The first three capital letters refer 
in order to the quality of the determination of epicenter, origin time, 


and depth. Probable limits of error 
epicenter origintime depth 
very accurate..... 5 sec. 30 km. 
2 8 50 
4 12 80 


Thus, in number 13, BAC indicates a good epicenter, very accurate 
origin time, and fair determination of depth. 


} 
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Taste 1—Data for deep-focus earthquakes 


{First three capital letters refer, in order, to quality of determination of epicenter, origin time, 
and depth—(A) very accurate; (B) good; (C) fair; (D) poor. Small letter refers to comparison 
with International Seismological Summary (I.8.8.)—(a) at least approximate agreement with the 
Summary as to epicenter and depth; (b) I.S.S. gives shock as normal, with epicenter within 4°; 
(c) LS.S. gives shock as normal, epicenter more than 4° distant; (d) I.8S.8. gives the shock 
significantly deeper, epicenter in the same area; (e) I.8S.S. gives shock at about same depth, 
but in a different area; (f) I.S.S. gives shock as significantly shallower, epicenter in the same 
area; (g) I.S.S. gives shock as shallower, epicenter in a different area; (h) 1.8.8. not available; 
(i) Visser gives same range of depth (within about 200 km.); (j) Visser gives different depth; 
(k) Wadati gives approximately the same epicenter and depth; (1) Wadati gives shock as normal; 
(m) Wadati gives different depth; (n) Berlage gives approximately same epicenter and depth; 

tly i 


(o) Berlage differs signifi ly in ep ter or depth or both; (p) used in “Materials” I or II.] 
Time Lat. Long. Depth 
No. Date h:min:sec. degr. degr. km. Note 
CENTRAL AMERICA, CARIBBEAN REGION 
1 1937, June 8........ 22:29:39 16N 93 W 200 BAAh! 
2 1926, Nov. 5........ 07:55:38 12.3N 85.8 W 135 BBAa 
3 1925, Oct. 5........ 04:09:07 12.3N 85.5 W 135 BBAa 
4 Web. 01:17:33 104%N 63% W 100 BCBa 
5 Aue. B........ 12:01:27 104%N 634% W 110 BCBa 
SoutH AMERICA, INTERMEDIATE SHOCKS 
% =| 1925, June7........ 23:41:42 03 N 78 W 170 BBAa 
7 1925, June 23....... 16:46:58 00 77W 180 BCB*a 
8 1924, July 22....... 04:04:18 028 80 W 250 BBAa 
9 1929, May 25....... 11:59:38 08% 8 75% W 150 BAAd 
10 1932, Jan. 20....... 02:30:50 128 77% W 100 BCCb 
11 1928, Sept. 21....... 13:27:05 158 70% W 250 BBAa 
12 1923 Sept. 2........ 22:38:12 168 6844 W 150 BBBbi 
13 Oct. 20... 06:03:24 1848 68 W 120 BACbi 
14 1927 May 22........ 01:45:10 218 67 W 140 BCCa 
15 1922 March 28...... 03:57:54 218 68 W 90 BCBa 
16 1934 June 24........ 05:59:34 228 68.6 W 100 BAAhp 
17 1033 Oct. 25........ 23:28:16 223.08 66.7 W 220 AAAhp 
18 1029 Oct. 19........ 10:12:52 238 69 W 100 BAB*a 
19 1928 May 26........ 08:28:56 2348 69 W 130 BBBa 
20 11:28:36 248 66% W 200 BCBd 
21 1927 Nov. 17.......| 20:54:47 248 664% W 200 BBB‘a 
22 1926 April 28....... 11:13:50 248 69 W 180 BCBei 
23 1927 Nov. 26....... 12:53:58 24%8 67 W 180 AAAa 
24 1927 April 14....... 06:23:34 328 69% W 110 BAAa 
24a 1933 Nov. 14....... 14:05:09 328 69144 W 110 BAAh 
25 19:01:50 364% 8 70 W 290 BCCa 
26 1084 Mar. 1}........ 21:45:25 408 724% W 120 AAB*hp 
SourH AMERICA, VERY DEEP SHOCKS 
27 15:29:35 02%8 71 W 650 BBBf 
28 03:50:33 02%8 71 W 650 CBBf 
29 1930 Aug. 4......... 05:04:31 09% 8 70% W 650 AAAfp 
30 1985 Dec. 14........ 01:31:13 09344 S 70% W 650 AAAhtp 
31 1935 Dec. 16........ 16:57:24 09% 70% W 650 AAAhp 


1 Data taken from J. S. A. Bulletin and other reports. 

2 Possibly a similar shock, 1923, Sept. 9, 04", but data insufficient. 

8 Aftershock at 20:20:42, data agreeing closely. 

“Probably an aftershock of No. 20. 

5 According to Santiago, diameter of macroseismic area 1500 km. Several aftershocks, the 
strongest March 2, 09:53, diameter of macroseismic area 700 km. 

® Amplitudes large. No. 31 is a strong aftershock; the data agree so well that the foci 
cannot have been separated by more than 50 km. in space. Another aftershock is given by 
La Paz, Sucre, and Huancayo at 11:21 on Dec. 14. Possibly other aftershocks. P’ of No. 30 
has been studied by Morita [Geophysical Mag., Tokyo, vol. 10 (1936) p. 345-357). 
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Taste 1—Data for deep-focus earthquakes (continued) 


Time Lat. Long. Depth 
No. Date h:min:sec. degr. degr. km. Note 
Sour AMERICA, VERY sHOCKS—continued 
32 | 1927 April6........ 18:54:05 108 70 W 600 CDCa? 
33 | 1922 Sept. 4........ 17:04:08 10% S 6934 W 660 BABE 
34 =| 1933 Aug. 29........ 14:52:36 10.98 69.5 W 650 AAAhp 
85 | 1922 July 10........ 09:38:10 198 6244 W 630 BBCg 
36 | 1928 Jan. 5......... 21:46:13 19% 8 64 W 640 BBBE 
87 | 1926 Feb.9......... 00:24:24 28 8 62 W 660 CCCa 
38 1928 Aug. 15........ 17:15:43 288 624% W 620 AAAa 
39 | 1916 June 21........ 21:32:30 2814 S 63 W 600 BCCg? 
40 | 1936 Jan.14........ 14:12:13 298 6214 W 620 AAAhp 
SourHeast Pactric Ocean 
41 | 1918 May 25........ | 19:29:33 | 318 law | | BCCa 
KERMADEC-SAMOA REGION, INTERMEDIATE SHOCKS 
42 | 1930 April 30....... 16:06:10 208 176 W 180 BCBbj 
See. 02:59:57 194 S 17644 W 180 BCCa 
44 | 1926 Mar. 16....... 17:37:35 16% S 171 W 110 CCCa 
TonGa-FIJI REGION, SHOCKS 300 To 400 KM. DEEP 
45 | 1924 Jan.16........ 21:38:00 218 176 W 350 CCCE 
46 | 1919 Aug.18........ 16:55:25 20% S 178 W 300 BCCa 
47 | 1927 Aprill........ 19:06:09 208 177% W 400 CCBa 
48 | 1935Jan.1......... 13:21:00 174% 8 174% W 300 BAAhp 
49 | 1918 May 22........ 06:31:27 178 177% W 380 BCCa 
KERMADEC-FISI REGION, VERY DEEP SHOCKS 
50 | 1928 Sept.12....... 01:20:00 318 180 500 BCCbii 
51 | 1931 Oct. 18........ 04:30:33 26 8 180 500 AAAfp 
52 | 1932 May 26........ 16:09:40 25% S 179% E 600 BCB'*hp 
53 | 1934 Dec. 15........ 19:14:26 2314 S 17944 W 530 AAAbUp 
54 | 1934 Oct. 10........ 15:42:06 23% 8 180 540 AABhp 
55 | 1922 Mar. 10....... 16:52:30 228 180 570 BCCf 
56 | 1928 June 17........ 06:41:53 21438 179% W 640 BABbi 
57 | 1933 Sept.6........ 22:08:29 214 8 17934 W 600 BAAh"p 
58 | 1924 Dec. 26........ 23:32:00 21% 8 179 W 540 CCCbs 
59 | 1924 May4......... 16:51:43 218 178 W 560 BAAf 
60 | 1935 July 29........ 07:38:53 20% S 178 W 510 AAAhp 
61 1931 April 3........ 23:19:18 208 179% E 680 BAAfp 
62 | 1935 July 15........ 14:13:35 19% 8 1784 W 580 BBBhp 
63 | 1924 May 25........ 13:46:35 198 179 W 550 CCCa 
64 | 1936 Feb. 10........ 18:05:40 18 8 178 W 570 BBEh 


7I. 8. S. gives three additional shocks at 19:04, 19:15, and 20:14. All four appear to be 
from the same source. Data scanty. 

® Given in “Large Earthquakes of 1916’ as a normal shock with a different epicenter. Revised 
by Turner in his first paper, depth given as 0.06. 

®I. S. S. gives origin time one minute earlier. 

20 Amplitudes large. Brunner gives 16:09:56, 24.75 S. 179.25 E., 570 km. [Earthquake Notes, 
vol. 6 (1934) p. 19]. Strong aftershocks recorded at many stations from the same source (within 
100 km. in space) May 26, 22:21:54 and May 27, 01:29:48. At least six more aftershocks within 12 hours 
recorded by Wellington and some other stations. 

11 Hayes gives 25° S., 171.5 E., 560 km. (adopted by Visser). 

1% Brunner gives 22:08:33, 23.6 S., 178.8 W., 637 km. [American Geophysical Union, Tr. 1934, p. 72]. 

38]. S. S. gives two solutions, one as a single normal shock, the other as two normal shocks, but 
suggests possible great depth. Data scanty and not completely consistent on any hypothesis. 
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Taste 1.—Data for deep-focus earthquakes (continued) 
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Time Lat. Long. Depth 
No. Date h:min:sec. degr. degr. km. Note 
Loyatry IsLanps TO New GUINEA 
65 | 1936 Feb. 16........ 14:16:56 248 173 E 160 BBBh“ 
66 1981 Mar. 2........ 02:18:34 228 172E 110 BBAap 
67 1918 Sept. 30....... 17:51:45 248 171% E 80 BBBaj 
68 | 1919 Aug. 31........ 17:20:46 168 159 E 180 BBBa 
69 14:33:15 158 16834 E 200 
70 | 1924 Dec. 15........ 20:49:15 1548 167% E 210 BCCbi 
71 1928 Aug. 24........ 21:43:30 158 168 E 220 BABap 
72 1935 June 24........| 23:23:14 15% 8 167% E 140 AAAh'p 
73 | 1919 Nov. 20....... 14:11:43 13S 167 E 210 BCCa 
74 1920 May 20........| 07:26:05 124% 8 167 E 110 BCBbi 
75 1920 Aug. 15........| 08:16:43 148 167 E 240 CCCa 
76 1930 Sept. 14....... 17:13:33 14438 165% E 280 BCCbj 
77 1928 Mar. 13....... 18:31:52 5% 8 153 E 100 CCCa 
78 1936 June 10........ 08:23:21 5% 8 147 E 190 AAAh 
79 1928 Sept. 7........ 02:49:22 548 14644 E 140 BABa 
80 iy re 12:23:04 6S 146 E 100 BCCa 
81 1929 June 12........ 11:43:02 58 143% E 110 BBBa 
SoLOMON AND BisMARCK ISLANDS, DEEP SHOCKS 
82 1931 July 23........ 14:20:56 6458 155 E 400 BBBap 
10:21:42 6.28 154.5E 380 AAAap 
84 1918 Dec. 25........ 10:21:18 78 153 E 450 BCCa 
SS 02:44:04 48 152 E 390 CCBf 
86 1932 Mar. 19....... 23:10:47 38 152 E 350 CCDa 
Sunpa ISLANDS, INTERMEDIATE SHOCKS 
87 1087 June 8:5.:....- 07:12:11 78 131 E 150 ABCan 
88 | 1927 Nov.6........ 15:34:32 78 130 E 230 BBBan 
89 1931 Mar. 28....... 12:38:37 78 129% E 80 CABap 
90 1918 Nov. 18....... 18:41:55 78 129 E 190 BCCan 
91 1918 Nov. 23....... 22:57:55 78 129 E 190 BCCan 
92 1924 Mar. 5........ 04:25:04 78 129 E 180 BCBan 
93 1926 June 24........ 21:16:30 7%8 128% E 150 BCCan 
94 1921 Mar. 30....... 15:02:17 78 128 E 170 BCBdo 
95 1936 Feb. 27........ 10:04:08 78 127E 180 BBAh 
96 1927 April 17....... 09:05:52 7%S8 127 E 200 CCCao 
97 1924 Sept. 10....... 05:54:30 7%8 123 E 200 BCCan 
98 1926 Sept. 10....... 10:34:29 98 111E 80 AAA™an 
99 1924 June 22....... 16:36:44 78 107 E 100 CCCdn 
100 1984 Sept. 21....... 12:38:55 1N 9844 E 100 CCBh 
101 1984 May 1......... 07:04:56 34N 97% E 145 ABAhnp 
102 1936 July 4......... 08:57:11 4N 99 E 200 BBBhi8 
Banpa SEA AND Fores SEA, ABOUT 400 KM. DEEP 
103 1920 May 10........ 18:49:48 58 130 E 370 BCCan 
104 1930 June 4......... 09:50:29 64 8 128% E 400 ACCan 
105 05:40:20 7% 8 120 E 420 CCChn 
144A few stations give early readings which may belong to a shock felt in Celebes (according to 


Batavia). 


15 Given in British Association report, and revised by Turner. 


16 J, Blum has a note on this shock [Seism. Soc. Am., Bull., vol. 26 (1936) p. 195-196]. 

1? Aftershocks at 19:52.1 Sept. 10 and 12:27.6 Sept. 11: The first recorded at only a few stations, 
I. S. S. giving 0.03 (220 km.); it may actually be deeper than the main shock, but the data are in- 
sufficient. The second aftershock was recorded at many stations and agrees fairly well with the main 


shock. 


18 Shock in South America about five minutes earlier. 
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Taste 1.—Data for deep-focus earthquakes (continued) 


. Time Lat. Long. Depth 
No. Dats h:min degr. degr. km. Note 
Java SEA AND Fores SEA, DEEP SHOCKS 
106 1027 Aug. 4......... 15:48:05 58 126 E 500 BBBc 
107 1934 Oct. 26........ 14:44:29 6s 124 E 650 BBBhn 
108 18:43:48 78 124 E 680 AABen 
109 1934 June 29........ 08:25:17 6% 123% E 720 AAAhn"%p 
110 1926 Dec. 25........ 15:43:52 6S 120 E 610 BBBen 
111 1936 Feb. 12........ 09:34:30 6s 116 E 600 BBBhn 
112 1920 May 27........ 05:48:12 68 113 E 600 BCCgn* 
113 1936 May 8......... 09:11:34 5% S 112% E 620 BABhn 
114 1936 May 19........ 07:22:26 5% 8 112% E 610 AAAhn 
115 1935 July 11........ 23:03:45 38 112 E 650 CBC“hn 
116 1921 Sept. 20....... 20:21:23 58 110 E 600 CCCgn 
CELEBES TO MINDANAO, SHOCKS WITH DEPTHS BETWEEN 100 ANp 400 KM. 
117 1929 Dec. 27........ 13:32:07 38 125 E 230 CCCe 
118 1932 Oct. 18........ 04:09:50 0 123% E 200 BCBhn 
119 1936 June 5......... 14:37:31 1N 125% E 180 BBBh 
120 1924 Dec. 5......... 09:36:25 WN 126 E 200 CCCen 
121 1928 Aug. 12........ 08:08:50 1N 127 E 130 BBBan 
122 1921 July 15........ 18:06:22 2N 128 E 140 BCBan 
123 1926 July 14........ 16:46:48 2N 129 E 180 BCC#bn 
124 1932 Nov. 18....... 13:47:16 2N 124% E 280 BBBhn 
125 1930 May 30........ 12:56:55 2N 124% E 300 BCDan 
126 1925 Oct. 18........ 08:25:58 34N 128 E 220 CCCbn 
127 1920 Aug. 3......... 03:02:28 5N 128 E 250 CCCa 
128 1929 June 4......... 15:15:58 6% N 124% E 380 BBBap 
129 1929 Sept. 21....... 18:54:23 10N 125E 300 BCCf 
CELzBES TO MINDANAO, VERY DEEP SHOCKS 
130 1926 Sept. 30....... 05:17:43 3N 122% E 600 BCDan 
131 1930 Nov. 8........ 03:22:40 4N 1224 E 670 ABBfn 
132 1929 April 8........ 10:16:53 7.8N 124.6 E 610 AAAa®p 
133 1926 Oct. 30........ 13:46:34 9144 N 123 E 520 AAAap 
Luzon To KrusHIU 
134 1927 April 19....... 17:30:10 16N 120 E 100 BCBa 
135 1927 April 13....... 13:44:14 16N 120% E 140 ABB*%a 
136 1930 Dec. 21........ 14:51:24 20N 122% E 170 AABa 
137 1919 June 1......... 06:51:20 26% N 125E 240 BBBa 
138 1926 June 29........ 14:27:06 27N 127E 130 BCBak 
139 06:09:15 30 N 129 E 270 BBBh 
140 1930 Sept. 29....... 04:52:21 304% N 130 E 220 BCCak 
141 1926 June 5......... 09:09:39 31N 130 E 180 BABak 


2® Brunner (J. S. A. bulletin) gives 08:25:20, 6.2 S. 123.3 E., about 700 km. Berlage gives 08:25:19, 
6.1 S. 123.4 E., 680 km. [7e. Ned. Ind. Wetensch Congres (1936) p. $58-664]. Shock being investigated 
by Stechschulte. This is the deepest known shock at present. 

2017. S. S. gives alternately normal at 5:49:30; 19 N. 109 E. or 0.05 at 5:49:12; 5 N. 110 E. Berlage 
gives 600 km. at 5:48:21; 5 S. 113 E. Compare No. 8S 19 of Table 2. 

21 Aftershock at 23:11:35 (according to Berlage). 

2 Aftershock at 16:59:27. 

28 Studied by Repetti, using some original seismograms [Philippine Weather Bur., Manila Central 
Observatory, Seis. Bull. (July-December, 1933)]. He finds 10:16:53, 7.8 N. 124.6 E., 585 km. 

% Aftershock at 14:34:37; data of 10 stations agree well with those of the main shock. No. 134 is 
probably an aftershock with slightly different epicenter and depth. On April 23 at 13:20 there was a 
normal shock about 3° further north. 
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TaBLe 1—Data for deep-focus earthquakes (continued) 


Time Lat. Long. Dept 
No. Date h:min:sec. degr. degr. km. Note 
MarRIANNE IsLanpDS—JAPAN—KAMCHATKA, INTERMEDIATE SHOCKS 
142 1929 Mar. 10....... 14:34:43 18144 N 146 E 170 AAAa 
143 1931 Sept. 9........ 20:38:28 19.3N 145.7E 180 AAAa%p 
144 1928 Dec. 19........ 15:15:50 214 N 143% E 200 BBBa 
145 1921 July 4......... 14:18:20 2544 N 141% E 200? BBDc*k 
146 Od. 17.......- 15:33:52 254% N 1414 E 180 BBAa 
147 1927 April 3........] 13:47:08 30% N 142 E 150 CBCa 
148 1982 Feb. 19........ 13:25:32 33 N 141 E 150 BABb?*k 
149 1915 Oct. 8......... 15:36:03 3344 N 138 E 170 CCCbk 
150 1930 May 23........ 16:38:03 33% N 140% E 130 AAAak 
151 1929 April 17....... 18:34:12 3614 N 141E 100 ABAal 
152 1931 Jan. 9......... 01:45:40 393% N 140% E 140 AAA%ak 
153 1915 Mar. 17....... 18:45:00 42N 142 E 100 BCCbm 
154 1931 Mar. 29,...... 17:51:52 4234 N 143% E 120 AABal 
155 1930 Dec. 13........ 14:22:50 43N 142% E 100 ABBak 
156 1930 Dec. 23........ 23:55:06 43N 143 E 150 BBCa 
157 1930 Aug. 29........ 20:02:33 44144, N 14614 E 210 BBCak 
158 1927 July 12........ 21:07:58 44.N 145% E 100 AABa 
159 1930 July 22........ 19:25:53 443, N 147% E 140 AAAa 
160 1924 Dec. 27........ 11:22:05 45N 146 E 150 BBBa 
161 1924 June 30........ 15:44:25 45N 147% E 120 ABCak 
162 23:47:55 46 N 152 E 150 CCCbk 
163 1922 Oct. 24........ 21:21:06 47N 1514 E 80 BCBa 
164 1929 Feb. 6......... 06:49:13 484 N 152% E 150 BCBe 
165 1921 Sept. 29....... 13:09:20 484 N 153 E 100 CCCb 
166 1930 Jan. 5......... 01:19:48 49 N 154 E 140 BBBap 
167 1927 Aug. 8......... 00:57:50 49144 N 155 E 110 BBBa 
168 1929 Jan. 13........ 00:03:12 49% N 154% E 140 AAAap 
169 1922 Mar. 4........ 13:07:38 5244 N 157 E 220 
170 1934 Jan. 3......... 09:42:27 52.8N 156.6 E 280 AAAhp 
MarIANNE DEEP SHOCKS 

171 08:39:18 17N 146 E 520 BCCa 
172 1931 Aug. 15........ 12:43:44 264% N 140% E 440 BABa 
173 1933. Mar. 11....... 19:32:39 2644 N 140% E 510 ABBhm* 
174 1930 Mar. 6........ 03:31:36 27N 140 E 540 BCCfm 
175 1927 Aug. 12........ 00:33:50 274 N 140% E 530 BBBak 
176 1928 Aug. 16........| 03:49:08 28N 140 E 500 BBCak 
177 1931 June 12........ 01:45:02 2844 N 140% E 410 BBCa 
178 1988 Jan: 7......... 11:27:20 29N 140 E 400 
179 1921 Mar. 4........ 12:51:03 29N 139 E 450 BCCak 
180 1925 Oct. 20........ 09:41:21 29N 139% E 380 BCCak 
181 1932 Feb. 3......... 07:34:34 29N 140 E 400 BABak 
182 1983 Sept. 2...:.... 16:41:08 29.1N 138.8 E 410 AAAbkp 
183 1932 April 4........ 19:16:31 29.1 N 138.8 E 410 AAAhkp 
184 1925 Oct. 20........ 09:41:50 30 N 140 E 350 BCCek 
185 1925 May 15........ 18:25:34 30 N 139 E 360 BBCak 
186 1928 Mar. 29....... 05:06:03 31.7N 138.2 E 410 AAAakp® 
187 1924 April 3........ 02:30:30 32. N 139 E 350 BCCak 


25 Data given in I. S. S. for a shock following this at 20:39:30 probably belong here also. 

27, §. S. gives two simultaneous normal shocks with different epicenters. 

27 Data for Pasadena and auxiliary stations were originally reported as of 5%, corrected to 13" in a 
later issue of the bulletin. I. S. S. does not use these data and finds the shock normal. 

28 Aftershock Jan. 10, 16:07:48, about 40 N. 141 E., depth 80 km. 

2 Aftershock March 6, 21:20, probably from same source. 

8 Depths 300 km. (Wadati), 510 km. (Miyamoto). 

%1J. S. S. rejects the readings of Pasadena and auxiliary stations, and finds 33° N. 139° E., normal. 
Not listed by Wadati. Data scanty. Sei rams at Pasad clearly of deep focus type. 

82 This is the shock investigated by V. C. Stechschulte (loc. cit.), who gives 5:06:03, 31° 45’ N. 138° 
12’ E., 410 km. Jeffreys, Wadati and others have investigated this shock, with concordant results. 
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266 GUTENBERG AND RICHTER—DEEP-FOCUS EARTHQUAKES 
Taste 1—Data for deep-focus earthquakes (continued) 
Time Lat. Long. Depth 
No. Date h:min:sec. degr. degr. km. ote 

Martanne Istanps—MANCHURIA—KAMCHATKA, DEEP SHOCKS—continued 
188 | 1925 April19....... 15:46:39 33 N 138 E 330 AAAak 
189 | 1931 June 29....... 16:43:17 34.N 136% E 380 AAAakp 
190 | 1926 Aprill........ 16:03:51 34N 137% E 350 BBCak 
191 | 1906 Jan. 21........ 13:49:35 34.N 138 E 340 BCChk* 
192 | 1929 June 2......... 21:38:34 34144 N 137% E 360 AAAakp 
193 | 1926 July 26........ 18:54:50 3544 N 135% E 360 BAAak™ 
194 | 1931 June 2......... 02:37:52 36 N 137% E 260 AAAak 
195 | 1927 Jan. 15........ 14:31:16 36% N 134% E 420 AABak 
196 | 1925 May 27........ 02:29:58 3634 N 1344 E 400 BAAak 
197 | 1907 Mar. 26....... 11:21:22 37 N 136 E 360 CCChk 
198 | 1931 April 21....... 00:02:03 38% N 133% E 320 AAbak 
199 | 1927 Dec. 18........ 19:49:19 41N 133 E 300? BBD*bk 
200 | 1917 July 31........ 03:23:10 424% N 131 E 460 BCCck 
201 1918 Feb. 9......... 20:46:26 43 N 130 E 450 CCCg* 
202 | 1905 Aug. 25........ 09:46:45 43.N 129 E 470 BCCh#? 
203 | 1920 May6.........| 09:40:35 13144 E 520 CCCak 
204 | 1918 April 10....... 02:03:54 43% N 130% E 570 BBBam 
205 1928 June 7.........] 06:24:35 44N 131 E 430 AACa 
206 | 1927 May 17........ 21:44:16 44N 131 E 430 AACak 
207 | 1932 Nov. 13....... 04:47:00 43% N 137 E 320 AAAhk 
208 | 1924 Feb. 24........ 16:46:05 44N 135 E 320 BABE 
209 | 1931 Feb. 20........ 05:33:24 44.3N 135.5 E 350 AAAakp* 
210 | 1918 Jan. 30........ 21:18:33 4544 N 135 E 330 BCCak#® 
211 | 1932 Sept. 23....... 14:22:12 44%,N 139 E 300 AAAhk 
212 | 1924 Nov. 25....... 17:26:52 46N 141% E 320 CCCckit 
213 1926 Jan. 15........ 14:52:48 454% N 143 E 360 BBBak 
214 ‘| 1931 Mar.1........ 14:23:06 46% N 143 E 330 BBCak 
215 | 1929 Mar. 17....... 12:14:22 48N 144E 310 BCCam 
215a | 1929 Sept. 28....... 14:56:23 47N 146 E 430 BCCe 
216 | 1928 April 22....... 04:55:01 474%N 145E 350 BCCcki# 
217. ‘| 1920 Feb. 22........ 17:35:50 4744 N 146 E 340 BCBak 
218 | 1936 Mar.1........ 10:21:57 47344 N 146% E 430 BBBh 
219 | 1924 May 28..... 09:51:59 48N 146E 500 BABak 
220 | 1928 Aug. 23........ 01:17:53 50N 147 E 620 BABfm 
221 | 1930 Mar. 10....... 16:27:26 50N 149 E 620 BBCakp 
222 | 1928 May8......... 04:46:02 5034 N 149% E 570 BAAfm 
223 =| 1930 June 3......... 18:09:28 5044 N 149 E 650 BCDf 
224 | 1907 May 25........] 14:02:08 5134 N 147 E 600 CCDh* 
225 | 1922 Aug. 14........ 11:41:13 53N 150 E 530 CCCg 
226 1928 Jan.1......... 18:43:27 53 N 151 E 530 CCCcki# 
227 | 1924 Jan. 21........ 01:52:54 55N 156% E 340 CBCcki* 


%8 This large shock was felt over most of Japan without being strong anywhere. This circumstance, 


and the peculiarities of the seismograms, led to very divergent locations of the epicenter by different 
investigators. See S. Szirtes: Seismogramme des japanischen Erdbebens am 21.1 1906, Veréff. Zentral- 
biiro int. Seism. Assoz. Strassburg. 
% Investigated in detail by Wadati (Geophysical Magazine, Tokyo, vol. 1, p. 178) who finds 35.4 N. 
136.4 E., 350 km. 
%5 It is unfortunate that this important shock is recorded only at stations distant between 6° and 8°, 
so that it is impossible to find the depth accurately; but the epicenter and origin time are well deter- 
mined. Wadati states that the seismograms and macroseismic distribution clearly indicate deep focus. 
2 Original solution of I. 8S. 8. revised, Summary for 1918, p. 219. 


3? Wadati gives as deep, North Japan Sea. 
%8 Shock investigated from original seismograms by F. J. Scrase [Roy. Soc. A. Tr., vol. 231 (1933) 


p. 207-234]. He finds 5:33:26, 44.3 N., 135.5 E., 360 km. Also studied by the Japanese workers and 


Jeffreys, with concordant results. 
® Original solution of I. 8. S. revised, Summary for 1918, p. 219. 
Results obtained by Wadati have been published by Visser. 

“1 Results obtained by Wadati have been published by Visser. 

42 Wadati gives epicenter near Vladivostok, depth over 500 km. 
43 Results obtained by Wadati have been published by Visser. 
“ Results obtained by Wadati have been published by Visser. 
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Taste 1—Data for deep-focus earthquakes (continued) 


Time Lat. Long. Depth 
No. Date h:min:sec. degr. degr. km. Note 
BurMa 
228 1932 Aug. 14........ 04:39:32 26N 9544 E 120 AAAh® 
229 1027 Mar. 15........ 16:56:32 244%N 95E 130 BBCb 
Hinovu 
230 1928 Nov. 14....... 04:33:09 35 N 72u%E 110 BBCb 
231 1007 Dee. 25........ 22:36:00 3644 N 70% E 240 BBBh* 
232 1917 April 21....... 00:49:49 37 N 70% E 220 BAAb 
233 1921 May 20........ 00:43:20 36 N 70% E 220 BCBa 
234 20:36:38 364% N 215 AAAap 
235 1022 Dee. 6......... 13:55:36 364 N 70% E 230 AAAa 
236 1034 Oct. 18........ 16:17:45 36 N 70% E 220 AAAa 
237 1925 June 20....... 13:04:15 3644 N 71% E 230 AABa 
238 1925 Dec. 18........ 18:10:25 364 N 71E 230 BBBa 
239 1927 July 15........ 03:46:43 36144 N 70% E 250 BAAa 
240 1928 Aug. 10........ 15:33:48 3644 N 70% E 230 AAAap 
241 1929 Feb. 1......... 17:14:26 364 N 70% E 220 AAAap‘? 
242 03:11:02 364% N 71E 250 ABBa 
243 1930 Sept. 11....... 17:20:16 3644 N 70% E 250 BCBa 
244 1931 Jan. 20........ 09:27:22 364% N 714% E 220 
245 1931 Aug. 15........ 04:01:08 364 N 70% E 240 BCBa 
246 1081 Oct. &......... 22:31:27 364% N 70% E 220 AAAap 
247 1933 Jan. 9......... 02:01:43 364, N 70% E 220 AAAhp 
248 1934 July 22........ 19:56:57 3644 N 70% E 240 BBBhp 
249 1934 Nov. 18....... 03:21:24 3644 N JOKE 220 BBBhp 
250 1936 June 29........ 14:30:10 3644 N 71E 230 AAAh*9 
WESTERN ASIA AND SOUTHEASTERN EUROPE 
251 1929 Sept. 3........ 12:07:39 264%N 624% E 110 
252 1926 June 26........| 19:46:30 364 N E 70 BCBpb* 
253 1929 Nov. 1........ 06:57:21 45.9N 26.5E 160 ABCb* 
SourH ATLANTIC 
254 1926 June 20........ 06:54:30 598 27 W 170 CCCe 
255 1935 May 14........ 23:23:10 59S 26% W 155 BBBh 


Table 2 is a list of shocks for which the best assignable depth is 
slightly in excess of normal. Some of these are probably actually 
normal shocks, and some may be at depths of as much as 150 kilometers. 
The list does not include several shocks given in the International 
Summary as slightly deeper than normal, particularly those in the 
Aleutian Islands have been omitted, as there are usually no observa- 
tions of P’ SKS, or pP, and investigations based on the available data 
give depths which do not differ from the normal depth beyond the 
limits of error. 


Given as two shocks by several stations. pP apparently much larger than P at many stations in 
this and the following (No. 229). 

Data from 8S. Szirtes: Registrierungen der besser ausgepriigten seismischen Stérungen 1907, Strass- 
burg 1912. These publications also used for other shocks of 1905-1907. 

4? Studied by Jeffreys, who finds 212 km. [H. Jeffreys: Some deep-focus earthquakes, M. N. R. A. 8., 
Geophysical Suppl., vol. 3 (1935) p. 310-343.] 

48 There are thirteen reports of sP but only two of pP. 

# Twenty sP, four pP. 

8 Studied by Jeffreys (see note to No. 241), who finds 36.5 N. 27.4 E., 165 km. Amplitudes in Europe 
very large. 

& Also studied by Jeffreys (see footnote 47), who finds epicenter as given, depth 180 km. 
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Taste 2.—List of shocks found to be normal or slightly deeper 


a in capital letters have same meaning as in wi 1. wa others: (a) ent with I. S. 8.; 
(b) I. S. S. gives normal, epicenter in same ya" (c) I. S. S. gives normal, in a different area 
(d) I. s. 8. gives 0.02 or more, in same area; (e) I 8. gives 0.02 or more, different area; (f) I. Ss. 8. 

two alternatives, one normal and one deep ; a not available; gives less than 

; (j) Visser gives 0.02 or more; (n “oat gives ae same area; (0) Berlage gives 200 km. or 
mead same area; (p) Berlage gives 100 


No. Date Time Lat. Long. | Depth Region Note 
h:min:sec. degr. degr. km. 

81 1925 Mar. 1 02:19:18 48.2N 70.8 W 50 Canada BCBa 
82 1935 Nov. 1 06:03:40 46.8N 79.1 W 80 Canada ABBh! 
83 1907 Aug. 22 22:22 18N 77W 100 Jamaica BDDh? 
S84 1934 July 27 02:25:45 16N 924% W 50? Cen. Amer. CCBh 
85 1926 Feb. 15 02:59:52 114%N 89% W 70 Cen. Amer. ABBa 
86 1932 Dec. 9 08:34:55 158 75 W 70 So. Amer. ABBh 
87 1926 Aug. 12 22:17.8 238 70 W 70? So. Amer. CCCej 
88 1918 May 20 17:55:10 28% 8 714% W 70 So. Amer. BCCbj 
S89 1919 Mar. 2 03:26:50 418 73% W 50 So. Amer. BCBa?® 
$10 | 1924 July 24 04:55:32 49%5S 159 E 60? No. of Macquarie Is. | BCCb 
S11 | 1924 Aug. 10 06:12:04 308 178 W 80 Kermadec BCCbi 
$12 | 1930 Feb. 14 20:41 218 175 W 50? | Tonga BCCbj 
S813 | 1918 Oct. 14 12:00 198 174 W 50? Tonga DDDa 
$14 | 1930 Jan. 14 22:01 168 171 W 30? Tonga CDDbj 
S15 | 1926 Sept. 16 17:59:12 11%8 160 E 50 Solomon Is. BCBd 
S16 | 1918 Oct. 27 17:06:40 28s 150 E 50 Bismarck Is. CCCaj 
$17 | 1918 July 3 06:52:10 3%58 142% E 60? New Guinea BDDa 
$18 | 1923 Feb. 23 05:52 .0 0 123% E 50? E. of Celebes BCDaj 
$19 | 1920 Feb. 26 01:26 ? ? ? Celebes ? DDDen‘ 
S20 | 1921 Mar. 23 22:44:40 6%8 131 E 70? Banda Sea BCCfo 
S21 | 1921 Mar. 24 01:25:46 6458 131 E 30? Banda Sea BCDfo 
$22 | 1925 Mar. 15 13:46:48 118 119% E 80 Flores BCCa’5 
S23 | 1936 Jan. 22 09:25:25 58 103% E 80 So. Sumatra BCCh 
$24 | 1918 Sept. 22 09:55:03 18 100 E 60? Off Sumatra CCCap 
$25 | 1936 Jan. 2 22:34:30 1N 100 E 70 Sumatra BCBh 
$26 | 1918 Aug. 15 12:18 5N 125 E 30? Philippine Is. CDDbj 
S27 | 1918 Feb. 7 05:20:30 64%N | 1264%E 150? Philippine Is. BDDa 
S28 | 1927 Nov. 16 21:10:09 64N | 126E 50 Philippine Is. ABBd 
829 | 1927 Aug. 24 18:09:00 23 N 120% E 60 Formosa BCCa 
$30 | 1929 July 26 22:48:16 354% N | 139E 60 Japan AAAa 
$31 | 1931 Feb. 23 02:15:08 50 N 137 E 80? Siberia CDCb* 
$32 | 1926 May 10 08:19:03 274%N 97 E 80? Burma BCDb 
$33 | 1924 Oct. 8 20:32:57 30 N 90 E 70 Tibet BCCa 
834 | 1923 Dec. 28 22:24:42 394% N 70E 60 Cent. Asia BCCa 
835 | 1930 Aug. 18 09:53.7 558 27 W 80? | So. Atlantic CCCbj 


1 Investigated by Hodgson: Am. Geophysical Union, Tr. (1937) p. 116-118. 

2 Felt at Kingston, Jamaica. Apparently an aftershock of the destructive shock of January 14, 1907, 
for which the reported P times are less satisfactory, and for which there is no evidence of abnormal 
depth. 

37. S. S. gives possible 0.02 with epicenter 4° southwest, or normal with epicenter %° west. Other 
shocks, apparently from the same source, at 11:45:17 March 2, and 03:16:45 March 9. 

41. S. S. gives 5° N. 110° E., 0.05 (340 km.). Compare No. 112 of Table 1. This epicenter has 
appeared on several charts of deep-focus epicenters, but is clearly erroneous. The present shock is 
probably a deep earthquake in the Celebes region, but the data available to us are insufficient. Berlage 
gives 2° S. 116° E., probably normal. 

5 Stronger shock, apparently from same focus, at 15:41:34 March 15. Berlage considers the data 
insufficient. 

I. S. S. gives same origin time, 49.5 N. 136.0 E., normal, but rejects the dings at Pasad and 
auxiliary stations, although they require only a slight modification of the solution. At these stations 
the seismogram consists of a single sharp iP, appearing like that of a deep-focus shock, with no indi- 
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Table 3 lists shocks which have been suggested as deep by one or 
more authors, but which, in this investigation, appear to be normal 
shocks. 

TasLe 3.—List of probably normal shocks 


{Letter references are the same as in Table 2, with the addition of: (g) I.8.S. gives depth .005 to .015.] 


No. Date Time Lat. Long. Region Note 
h:min:sec. degr. degr. 
N1 1994 Apcil 21......... 20:01:00 19N 100 W Mexico BBAaj 
N2 1936 May 28.......... 18:49:00 104% N 1034 W Off Mexico ABAh* 
N3 «5 ier 17:56.5 6.28 154.5E Solomon Is. BCBd 
N4 Be cS 18:50:28 74N 143 E Caroline Is. BBBg 
N5 Agel 13:48:05 1N 117E Borneo BBAg 
N6 1930 June 19.......... 13:07:20 5%S8 105% E Sumatra : BBAap 
N7 06:34:27 5.18 102.7E Sumatra AAAaj 
N8 4 ere 19:41:17 1N 98 E Sumatra BBAaj 
N9 1919 Mar. 16......... 07:33:17 10N 127 E Philippine Is. BBAg 
N10 | 1931 Nov.1.......... 18:53:10 324%,N 132 E Japan ABAg 
N11 | 1981 Nov. 2.......... 10:03:00 324, N 132 E Japan ABAg 
N12 | 1025 Oct. 13.......... 17:40:28 10N 43 W Cent. Atlantic BBAg 


*The J. S. A. preliminary bulletin assigns this a depth of 270 km. As a deep-focus epicenter in 
this region would be very significant, the writers think it proper to draw attention to the fact that 
they consider this a normal shock. In general, they have taken the J. S. A. results as intended to be 
preliminary only, and have not made reference to discrepancies with their conclusions. 


RESULTS FROM MACROSEISMIC DATA 


As has been pointed out, the relation of the maximum observed 
intensity of a shock to the shaken area depends on the focal depth. 
It should be possible to determine the depth if the other data are avail- 
able. This is the only possibility for investigating suspected deep-focus 
shocks of the historical past. 

A partly empirical formula has been given by Gassmann (1927): 


(J-j) = log p 1+ (=). (1) 


where J is the maximum intensity, and j the intensity on a chosen 
isoseismal (both on the Mercalli scale); Rj is the radius of the chosen 
isoseismal; h is the focal depth in kilometers; and p is an absorption 
coefficient, for which Gassmann has found a value of about 0.06 in the 


Alpine region. 


cation of any later impulses or surface waves. From the observed times, the shock cannot be very 
deep. Vladivostok reports P at 02:19:05, which is too late to fit any reasonable hypothesis. 

Shocks in this area are apparently very rare. In the International S y, 1918-1930, only three 
epicenters near this one are listed, namely 1927, June 10, 18", 47.5 N. 137.0 E.; 1928 April 22, 4%, 47.0 
N. 135.0 E.; 1929 Sept. 28, 14", 48.0 N. 137.0 E. Of these, the first is a small shock, reported at only 
seven stations, and the solution appears imperfect on examination, so that the epicenter is probably 
in error. For the other two the epicenters are known to be in error, and revised coérdinates are given 
in Table 1, where these shocks are Nos. 216 and 215a, respectively. 
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The first term on the right-hand side represents the ordinary decrease 
in intensity due to distance of the source (neglecting curvature of the 
seismic rays); the second term gives the effect of absorption with a 
constant coefficient p. In thick sediments p is probably greater, and 
at great depths probably less, than the value assumed. 

If we take the chosen isoseismal and the outer limits of the shaken 
area, with a mean radius R, we have to take 7 = 2, and the formula 
becomes: 


R\? kR\? 
This gives the following relation between J and R/h: 
J 3 7 8 12 


Blake (1937) has pointed out that the following formula theoretically 
should be a better approximation than Gassmann’s formula (1): 


This formula was tried by Blake on the two strong earthquakes at 
Helena, Montana, on October 18 and 31, 1935. He found that the 
exponential variation of the energy with distance appears to be too 
strong, and suggested the following formula: 


In this formula the empirical parameter s should be between 3 and 6. 
A value of 5.85 was found by Blake to be in fair agreement with the 
Wallis (Switzerland) earthquake of April 21, 1924, investigated by 
Gassmann, as well as with the Montana earthquakes. This gives for 
j = 2 the following relation between J and R/h: 


J 3 4 5 6 7 8 . 8 11 12 
R/h 11 2 3% 5&% 8 


For small intensities, R/h is somewhat smaller than found by Gassmann’s 
formula, for J > 8 it is larger. Earthquake with large intensities, there- 
fore, are found to be shallower by Blake’s method; a larger depth is found 
for shocks with maximum intensity of less than 8. However, both meth- 
ods give the same order of depth. 

As the formulae are only approximate, it is advisable to confirm them 
by comparison with the data of shocks for which there are microseismic 
determinations of depth (Table 4). 
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Taste 4—Results for selected shocks 


No. Date Region R(km.) J h'km | km. | hkm 
ipReweed 1906 April 18...| San Francisco............. 650 1l 25 15 20 
weeaten 1930 Jan. 16....| San Bernardino Mts....... 250 7 25 30 15 
sauasea 1930 Aug. 31...| Sta. Monica Bay.......... 150 7 15 20 12 
550 9% 27 27 normal 
«Se eeas 1933 March 11..| Long Beach............... 300 8% 19 19 10 
errr 1933 Oct. 2.....| Near Long Beach.......... 140 7 14 17 15 

$2 1000 84 65 65 80 
senvaRae 1911 Nov. 16...| Southern Germany........ 450 8 32 35 35 
252 {1926 June 26...| Aegean Sea............... 1300 9% 65 55 70 

24 [1927 April 14...| Argentina-Chile........... 1500 8% 100 100 110 

17 1933 Oct. 25.... 1000 6 130 180 220 

24a |1933 Nov. 14... 600 7 60 75 110 

26 {1934 March 1... 900 8 65 70 120 
186 [1087 Ageil 13...) Tason, P. 1... 500 4% 125 160 140 
700 5% 120 160 100 
1927 April 23... 300 6% 35 45 normal 


Serial numbers are those of shocks in Tables 1 ard 2. As in formula 
(2), R and J are the radius of the shaken area and the maximum inten- 
sity. h’ is the depth calculated from Gassmann’s formula, h” that from 
Blake’s formula, and A that found from seismograms (travel time data). 

The agreement between h, h’, and h” is better than might be expected, 
considering the assumptions involved. The discrepancies in the South 
American shocks may be due to incomplete data or to the failure of the 
formule for great depths. The formule can hardly be applied for shocks 
at depths exceeding 200 kilometers, as, even if they are great enough to 
be observed at the surface, the distribution of intensity is likely to be 
irregular and greatly affected by geological structures. This is true of the 
deeper Japanese shocks, where frequently there are no reports of felt 
shaking near the epicenter, although the effects may be rather strong at 
considerable distance. As only a small part of the area surrounding the 
epicenters in Japan is land, the data of these shocks are hardly sufficient 
for the present purpose. 

It is evident from the tabulated results that deep shocks of the magni- 
tude of even the largest normal earthquakes can never manifest high 
intensity at the surface. Consequently, in investigating the historical 
record, if one finds a shock with really high epicentral intensity, he may 
be sure that the focal depth cannot have been great (certainly not more 
than 300 kilometers). 

High surface intensity, however, is consistent with focal depth appre- 
ciably in excess of normal. Examples of this are the “Levantinische 
Riesenbeben” of Sieberg (1932). He personally investigated the effects 
of the shock of June 26, 1926 (No. 252 of Table 1). He draws isoseis- 
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mals for the shocks of October 12, 1856, June 24, 1870, August 27, 1886, 
and August 11, 1903. Of these the second apparently had an epicenter 
nearer Egypt, and a larger shaken area; for the other three the epicenters 
were apparently not far from that of 1926, as the shaken areas have 
about the same size and form. One may safely conclude that all four 
shocks originated at depths greater than normal, but probably not ex- 
ceeding 100 kilometers. 

Another case of a shock at intermediate depth in the Mediterranean 
area is probably the Italian shock of August 7, 1895, reported by Oldham 
(1923). According to Oldham, this shock had a maximum intensity 
between 4 and 5 of the Mercalli scale. The radius of the shaken area 
was about 300 kilometers. This gives a depth of about 75 kilometers, 
using Gassmann’s formula, and about 100 kilometers using Blake’s. 
Oldham concluded that this shock was at greater depth than normal. 

The writers have applied Gassmann’s and Blake’s formule to several 
shocks for which the maximum intensity and extent of shaken area are 
known, with the following results: 


Date Region R J h’ a 
1811 Dec. 16 Mississippi Valley................. 1300 km. 1l 50 27 
1872 Mar. 26 1000 km. il 40 20 
1886 Aug. 31 EE TTC er 1300 km. 9% 65 55 
1897 June 12 1600 km. 12 50 22 


DISCUSSION OF THE MAPS 


The data of Tables 1 and 2 are mapped as Figures 1 to 6. Figure 1 
gives small-scale distribution over the world and serves as a key to the 
remaining five large-scale maps. 

As shown on Figure 1, there is no new evidence to support Turner’s 
suggestion of a single curve drawn through all the epicenters of the very 
deep shocks., The verifiable distribution consists of isolated regions in 
which very deep shocks occur and, outside these, a scattering of shocks 
at moderate depths. Numbers in Figure 1 refer to a plurality of shocks 
from a given epicenter. 

Figure 2 shows the active region of western South America. The 
mountainous area of the Andes is outlined by dashed lines. Oceanic 
deeps are outlined with longer dashes. 

There are four groups of very deep shocks (600 to 660 km.). The epi- 
centers lie chiefly east of the Andes, with which they have no apparent 
connection. It is possible that these are four sections of a continuous 
active line, but this cannot be considered as established fact. In any 
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Ficurr 2—Map of deep shocks in South America 
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Ficure 3—Map of deep shocks, Japan and vicinity 


case, there is no evidence of a contoured active surface, with depths de- 
creasing westward toward the coast, as has been suggested by several 
authors. On the contrary, the writers now find no shocks in South Amer- 
ica at depths between 290 and 600 kilometers; supposed instances of this 
kind have all been removed in the course of this investigation, having 
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been assigned to greater or smaller depths. There is an equally evident 
gap in the geographical distribution. 

The shocks at depths from about ‘100 to 300 kilometers are all in, or 
close to, the Andean zone. Between 22° and 25° south latitude there are 
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Ficure 4—Map of deep shocks, East Indies and Philippines 


two clear lines of such shocks—one under the west front of the Andes, 
with depths less than those of the other line, which is under the central 
mountain region. 

Most of the stronger normal shocks of South America originate near 
the coast, being particularly frequent in the oceanic deeps and in the 
coastal plain. Small shocks, and occasional large ones, at normal depth 
occur in the entire Andean zone. 

Figure 3 exhibits the results for the Japanese area. In general, the 
agreement with the conclusions of Wadati, Honda, and other Japanese 
investigators is excellent. Available information is much better in this 
than in the other regions of deep shocks, and much smaller earthquakes 
can be included than is possible elsewhere. 

The zone of deep shocks in central Japan was pointed out by Wadati 
in his first paper. As already mentioned, Wadati later pointed out the 
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existence of two principal zones of deep shocks. These show very clearly 
on the present map; but, as in South America, there is little to support 
the drawing of contours of equal focal depth. Unlike the South Amer- 
ican situation, a nearly continuous distribution of these deeper shocks 
occurs at depths from 300 to 650 kilometers, with the deepest foci at the 
ends and at the intersection of the two zones. The single shock with 
depth 520 kilometers at 17 N. 146 E. (No. 171, Oct. 29, 1931) is, for- 
tunately, well established; it suggests a southern extension of the zone 
of deep shocks. 

The intermediate shocks agree with Wadati’s findings; there is one 
zone extending from the Marianne Islands to eastern Honshu, and along 
the Kurile Islands to Kamchatka, and another zone in the region of 
Kyushyu and the Ryukyu Islands, apparently extending by way of 
Formosa to the Philippines (Fig. 4). 

The region of the Dutch East Indies and the Philippine Islands ex- 
hibits the most complicated geographical distribution of deep shocks. 
There is no doubt that here, as elsewhere, the very deep foci lie “inland” 
from the margin of the continental area. There is a conspicuous zone of 
shocks at extreme depths (mostly deeper than 600 km.) extending 
through the Java Sea and Flores Sea, and a few other very deep shocks 
north of Celebes and in the region of Mindanao. There is no present 
evidence of connection between these two groups; moreover, the northern 
group is accompanied by a zone of shocks at moderate depth, extending 
from the east coast of Mindanao by way of the Moluccas to Celebes, 
where it turns west as if to cut off the northern area. The southern zone 
is associated with a zone of intermediate shocks along the outer coasts 
of Sumatra and Java. (Here Berlage has indicated a number of addi- 
tional shocks at depths of the order of 100 km., which he has been able 
to establish from data available at Batavia.) 

Although in the areas discussed so far there are practically no data 
for drawing successive contour lines, there is a suggestion of such « con- 
dition in the area of the Banda Sea, where shocks increase in depth 
inward, from normal shocks to depths of 500 kilometers. 

As indicated in Figure 1, there is a gap in the distribution of known 
deep shocks, in the area of western New Guinea. Reference to Figures 5 
and 6 will show that scattering shocks at depths to 200 kilometers occur 
from western New Guinea to, and beyond, the New Hebrides. Near the 
Bismarck Islands, several shocks are about 400 kilometers deep, which 
appear anomalous in being nearer the oceanic basin than are the shal- 
lower shocks in New Guinea. This suggests that these shocks may 
actually be a continuation of the zone of deep shocks extending south 
from Japan. 
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The remaining shocks mapped in Figure 6 consist chiefly of a cluster 
of very deep shocks in the region southeast of the Fiji Islands. These 
are deepest about 20° S., 180°; smaller and smaller depths occur north- 
ward and eastward as one approaches the continental margin, where in- 
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Ficure 5——Map of deep shocks, New Guinea to New Hebrides 


termediate shocks, and, still farther east, many strong normal shocks, 
occur along the lines of the Tonga and Kermadec deeps. The data are 
not clear enough to draw actual contours, or even to suggest strongly 
the possibility of doing so. This may partly be due to the fact that, 
owing to the location of the available stations, epicenters are more diffi- 
cult to fix in this area than in some of the others studied. For this re- 
gion, the writers’ results often diverge widely from those of the Inter- 
national Summary, although for shocks occurring elsewhere the agree- 
ment is usually excellent. The region of very deep foci extends south- 
ward, but the writers have not been able to follow it beyond the isolated 
epicenter at 31° S., 180° (No. 50, 1928, Sept. 12). 

The remaining shocks indicated on the general map (Fig. 1) are all at 
intermediate depths. One of the most isolated is in the southeastern 
Pacific area, far off the South American coast (No. 41, 1918, May 25). 
In spite of the early date, the evidence of depth and of the approximate 
location of the epicenter is too good to be rejected. 

There is conclusive evidence of intermediate shocks in the Caribbean 
region. The two shocks found in the South Atlantic occur in a region 
of analogous structure. 

Finally a series of shocks in the Mediterranean belt extends eastward 
across Asia. Of these, the shocks in Burma may be associated with the 


4 
| 
| 
| 
4 | 
\ 

10 
. 
> S 
50 Ho 
x 210 

1 

H 
‘ 


DISCUSSION OF THE MAPS 279 


shocks in the Sumatra-Java arc. The twenty shocks from nearly the 
same focus in the Hindu Kush appear to be exceptional. Reference 
to Table 1 will show the surprising persistence in activity from this source. 

So far, no deep-focus shocks, properly so called, have been found in 
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Ficure 6.—Map of deep shocks, New Hebrides-Fiji-Tonga-Kermadec region 


North America (excluding Central America). In eastern North America, 
depths slightly greater than normal may occur. All present evidence is 
that on the Pacific Coast of North America the focal depth (10 to 25 
km.) is even less than the general average. Depths slightly greater than 
normal in the region of the Aleutian Islands are possible, and even prob- 
able, but the writers have not been able to confirm this by the methods 
used in the present investigation. This may also apply to some shocks 
in the south Pacific; however, there is no evidence of very deep shocks 
there. Although there is no doubt that the Pacific Basin is in some way 
associated with the occurrence of very deep shocks, their epicenters do 
not surround it, but are confined to a large western area (which may 
or may not be continuous), and a small eastern area in South America. 
In both areas, there are throughout zones of intermediate shocks and 
zones of very deep shocks; nearly all the intermediate shocks occur 
nearer the Pacific Basin than do the deeper ones, which thus lie “inland.” 
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But the earlier suggestion of regular contoured surfaces on which the. 
depth increases continuously from nermal to deep in passing “inland,” 
has not been borne. out by accurate study. There may be such a regula: 
gradation from the norme! to the intermediate shocks, but, in general, 
there is a large gap, horizontally and vertically, between the deepest 
intermediate shocks and the shallowest of the deeper shocks, though 
in regions where different zones intersect there may be a more gradual 
transition. 


CORRELATION WITH OTHER PHENOMENA AND WITH STRUCTURES 


The intermediate shocks (depths 70-250 km.) show several conspic- 
uous relationships with the surface geology. Comparison with recent 
tectonic maps (Born, 1933; Cloos, 1936; Meinesz, Umbgrove, and 
Kuenen, 1934) show that their epicenters invariably fall on or close to 
the tectonic lines drawn to indicate lines of Tertiary or more recent 
mountain-building. In consequence, they show a close parallelism to 
the lines of epicenters of normal shocks. In many places of the Pacific 
region the relation is such that the normal shocks occur on the edge 
of the continental shelf where it slopes down into a foredeep, and the 
epicenters of the intermediate shocks are within the continental area, 
many of them along the axis of a chain of islands. Instances of this 
are the intermediate shocks in the Kurile Islands associated with normal 
shocks along the deeps to the southeast, and intermediate shocks in the 
Tonga islands associated with normal shocks near the Tonga Deep. A 
parallel case is the occurrence of intermediate shocks near the west coast 
of South America, associated with strong normal shocks in the deeps far 
off that coast. On the other hand, no intermediate shocks have been 
found on the Mexican coast to correspond with the normal shocks of 
the Acapulco Deep. 

Visser (1936b) has given a detailed discussion of the relation of deep 
shocks to the ocean depths. He refers to Holmes (1933), who had 
previously pointed out the relation, and had considered it in connection 
with his theory of sub-crustal convection currents. 

Inasmuch as there is a close correlation between the recently active 
tectonic lines and vulcanism, it is not surprising that the epicenters 
of many intermediate shocks closely follow the lines of active or recently 
extinct vuleanism. For the Japanese region this relation has been 
pointed out by Honda (1934) and Wadati (1934). Though this corre- 
lation is striking, particularly in this region where data on both inter- 
mediate shocks and volcanoes are reliable, it is not complete. Inter- 
mediate shocks have not yet been identified in all the volcanic zones, 
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just as many important tectonic lines have been drawn along which 
no intermediate shocks were found. 

The complete failure of all these correlations for the Pacific Coast 
of North America is conspicuous. As pointed out, there is a considerable 
oceanic deep (the Acapulco Deep) with which apparently no interme- 
diate shocks are associated; there are active and recently extinct vol- 
canoes, and numerous active tectonic lines, yet there is no evidence for 
the occurrence of shocks deeper than normal in the whole area. 

Areas of considerable volcanic activity with no identified intermediate 
shocks are not rare; Iceland is an example of this. On the other hand, 
there are regions like that of the Hindu Kush, where numerous shocks 
at intermediate depths occur, but where there appears to be no extensive 
voleanic activity. It may be worth noting that the Hindu Kush shocks 
are at a depth of about 220 kilometers, which is greater than of most 
intermediate shocks in voleanic regions, and may point to a different 
type of origin. This is partially supported by examples like that in 
South America at about 23° S., where a western line of shocks is at 
depths of 100 to 180 kilometers in « region of considerable vulcanism, 
and an eastern line is at depths of about 200 kilometers, where the vol- 
canic activity is comparatively minor. According to any hypothesis, 
these and similar facts indicate that tectonic changes at depths greater 
than about 200 kilometers have no immediate causal connection with 
volcanic activity at the surface. 

In the East Indies and the Polynesian and Australasian region, the 
intermediate earthquakes occur only in districts of voleanic activity. 
The isolated intermediate shocks in the Aegean Sea, in Rumania, and 
near the coast of Persia, all are associated with active or comparatively 
late vuleanism. The same is true of the shocks in Central America and 
the South Atlantic. The epicenter in the southeastern Pacific Ocean is 
not far from the possibly voleanic island of Podesta. 

Comparison of the distribution of intermediate shocks with the gravity 
anomalies is desirable, but sufficient data of both kinds are available 
only in the East Indies (Vening Meinesz, et al.) (1934). The large 
gravity anomalies there correspond to the normal shocks rather than to 
the deep ones. 

The distribution of the really deep foci shows no direct relationship 
to the surface geology. At best, the epicenters occur in zones which 
usually extend parallel to the larger structures, and many of them lie 
as much as several hundred kilometers “inland” from the zones of 
normal and intermediate activity. However, there are less simple in- 
stances, such as that of the transverse belt in the Japanese region. 
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STATISTICAL RESULTS 


Table 5 shows the distribution in depth of the shocks studied. The 
preponderance of shocks at the shallowest depths is conspicuous, and 
would undoubtedly be increased with more accurate listing, for it is 
often difficult to distinguish a small shock at intermediate depth from 
a normal shock. At the greater depths, the totals show no clear pref- 
erence for any depth. This is not true for individual regions, as has 
already been pointed out in discussing the maps; nearly every region 
has one or two characteristic depths where the shocks are more 
numerous. 

Periodicities were first investigated by Conrad (1933), who found no 
evidence of diurnal or lunar periodicity, and slight evidence for annual 
or (more probably) semi-annual periodicity. Landsberg (1933) con- 
firms the latter result, finding maxima at the equinoxes and minima 
at the solstices. Visser (1936a) finds a well-defined annual periodicity, 
but no semi-annual period. The number of shocks listed in Table 1 
is apparently too small to admit of much statistical study; however, it 
may be worth noting that of 58 listed deep shocks in the Japanese 
region, which extends to the Marianne Islands and the Kamchatka, 41 
occurred in the first half of the year and 17 in the second half. 

Stetson (1935) has investigated the correlation of deep-focus shocks 
with lunar position, and finds reasonably good evidence of a tidal trig- 
gering effect. 

Taste 5.—Number of shocks listed at various depths 


Depth (in km. Range + 25 km.) 
Region 

100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700 
Loyalty Is.-New Guinea............ 6 3 6 1 1 1 3 1 rene 
Celebes-Mindanao................. 5 2 1 2 1 
9} 13 6 1 8|16;10/] 9 5| 6 3 

40 | 36 | 44 | 20 | 15 | 19} 18 | 10] 10} 13 | 18 | 14 3 


MECHANISM OF DEEP-FOCUS SHOCKS 


The writers are still of the opinion that the causes of deep-focus earth- 
quakes are in no essential respect different from those of shocks nearer 
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the surface. The large shear waves observed in these shocks leave no 
doubt that these .causes cannot be of an explosive character, but must 
depend on the release of strains in a similar manner as in normal shocks. 
This is further confirmed by the pattern of observed initial compressions 
and dilatations.’ 

The shocks listed in Table 1 have been investigated where possible, 
using the reports of compression and dilatation in various station bulle- 
tins, with the addition of some determinations from the seismograms at 
Georgetown, kindly made available by J. A. Sharpe. As has been pointed 
out elsewhere (Gutenberg and Richter, 1935), observations at Pasadena 
as well as at other stations show the same consistent recording of initial 
compressions or dilatations from deep-focus shocks in a given region 
as from the normal shocks occurring in the same region. Unfortunately, 
the data for this purpose are still limited. It is to be hoped that, fol- 
lowing the recent suggestion of Ishimoto, more stations will take up the 
practice of reporting clear cases of initial dilatation and compression. 

The following general results—these are preliminary only—can be 
given: 

As reported previously, shocks in South America almost invariably 
record with initial dilatation at Pasadena. This is true without excep- 
tion for all deep-focus shocks thus far observed, and with only two or 
three exceptions for normal shocks. In the deep-focus shocks the sector 
of initial dilatation usually includes Europe as well as the whole of North 
America; but, as the distribution of initial motion may also show a 
radial zoning, the location of the epicenter will affect this condition. 

The deep shocks of the Fiji-Tonga region record at Pasadena with 
initial compression, where the direction of first motion is definite; but 
there are frequent cases in which the first motion is not large nor sharp 
enough for a determination. In these shocks Manila and Batavia usually 
report a dilatation, and the reports of P’ at European stations show a 
majority of dilatations. 

In the deep shocks of the East Indies, Manila and the Chinese stations 
regularly report compressions, while P’ in North America in general 
seems to be a dilatation. 

The Japanese deep shocks usually record with a small initial motion 
at Pasadena; but, in the few shocks for which the direction of first 
motion can be determined, it is a compression. Three cases reported 
at Manila were all dilatations; the same was true for nearly all of the 
few reports from Europe. 


2 Good examples will be found in H. Honda [On the types of the seismograms and the mechanism 
of deep earthquakes, Geophysical Mag., Tokyo, vol. 5 (1932) p. 301-324]. For theoretical discussion 
and further references to the Japanese literature see Leith and Sharpe. 
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Finally, the Hindu Kush shocks appear to record invariably with 
initial compressions in Europe. 

More careful and detailed investigation of these matters is called for; 
the results should be checked by examining the original seismograms. 
However, the data are already sufficient to confirm the writers’ previous 
conclusion that deep-focus shocks, as well as normal earthquakes, orig- 
inate in a shearing or faulting movement which has the same direction 
over large areas, persists over long periods of time, and is frequently 
the same for all focal depths in a given region. This is consistent with 
the geological evidence of similar displacements along parallel or nearly 
parallel faults over extended areas, such as has been found in California. 
These displacements have been discussed recently by Buwalda (1937). 
In searching for a possible cause of such regularity of displacements, 
one notes that the accumulation of epicenters of both normal and deep 
shocks about the margins of the continental blocks suggests a motion 
of each block as a whole—a motion which may be a rotation, a displace- 
ment, or both. The fact that the deeper shocks occur farther inland 
from the continental margins than the shallower ones may be explained 
by assuming that the load of the continents produces an outward plastic 
flow toward the Pacific Basin at the surface, with a compensating move- 
ment in the opposite direction at depth. Such movements are, of course, 
much slower than the accumulation of the strains in other directions, 
which are released in earthquakes. 

Additional evidence for the uniformity in mechanism of origin of deep 
and normal shocks is provided by the occurrence of aftershocks of the 
larger deep shocks. Examples of this kind will be found in the foot- 
notes to Tables 1 and 2. Aftershocks are observed even with the deepest 
shocks. Although aftershocks are reported less frequently for deep 
shocks than for normal shocks, the writers are of the opinion that their 
frequency of occurrence is not significantly different. Even large after- 
shocks of deep-focus earthquakes are readily overlooked on the seismo- 
grams of ordinary long-period instruments, owing to the practical ab- 
sence of surface waves, and to the small registered umplitudes of the 
short-period bodily waves. This is accentuated by the practice at 
many stations of selecting shocks for measurement by their surface 
waves, and neglecting small short-period impulses as _ insignificant. 
Moreover, aftershocks of many normal earthquakes are drawn to atten- 
tion by reports of their having been felt, which are, of course, lacking 
when the focus is deep. 

In the shocks investigated, aftershocks have usually been fairly close 
to the main shock both in depth and in epicenter; however, a few small 
but definite divergences have been found. This excludes the not-infre- 


= 
¥ 
Be 


MECHANISM OF DEEP-FOCUS SHOCKS 285 


quent instances of normal and deep shocks occurring in the same region 
within a short time. 

There are also repetitions of shocks from nearly the same focus within 
a comparatively short time (a few months or years). Such repetitions 
can be picked out from Figure 1 by means of the number of shocks 
attached to each such epicenter. The Hindu Kush shocks appear to 
be unique in this respect; they plainly show that a rapid accumulation 
of large strains at a depth of more than 200 kilometers is quite possible. 

There has not yet been a precise investigation of the energy released 
in deep shocks. As the amplitudes of the preliminary waves recorded at 
distant stations are of the same order as those for normal shocks in 
the same region, it appears reasonable to conclude that the energies 
released are, in general, of the same order. 

It remains a remarkable and now well-established fact that no earth- 
quake has been found to originate at a depth much in excess of 700 
kilometers. This is the more striking in view of the fact that some of 
the deepest shocks are among the largest recorded. 

All the foregoing evidence tends further to confirm the conclusion that 
the causative mechanism of normal and deep shocks is of the same type 
and that shearing displacements occur down to depths of the order of 
700 kilometers. However, this gives rise to no contradiction of prin- 
ciple; there is no necessity for great strength at these depths, for, as 
Haskell (1935, 1936) has shown the high viscosity would prevent rapid 
flow even if there were no strength. In the course of experiments at 
high pressure, Bridgman (1936) has found that violent and spasmodic 
snapping and jumping, indicating internal rupture, may be incidental 
to plastic flow. Other results of this type are reported by Griggs (1936), 
who states: 


“Contrary to common belief, experiments show that when a rock enters the region 
of plastic flow, it will not deform indefinitely, but will rupture if the deformation is 
carried far enough.” 


SUMMARY 


Known or suspected deep-focus shocks have been investigated in detail, 
including revision of epicenter, origin time, and depth for each. The 
resulting catalogue probably contains nearly all important deep shocks 
from 1918 through April 1932; to these are added selected shocks of 
earlier and later date. 

The writers distinguish (1) normal shocks, at depths not exceeding 
about 60 kilometers; (2) intermediate shocks, at depths to 250 kilo- 
meters; (3) deep shocks. The intermediate shocks are on Tertiary or 
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younger tectonic lines and, consequently, show correlation with vulcan- 
ism. The true deep shocks occur in limited regions or zones about the 
Pacific Basin, inland from the normal and intermediate shocks. Except 
for a few regions, mostly at the intersection of zones, there is a consid- 
erable gap in depth between intermediate and deep shocks. 

The mechanism of origin of shocks seems to be the same at all depths. 
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One of the outstanding problems of regional metamorphism concerns the 
amount of material introduced from external sources. If material is 
added, it is necessary to determine the stage in the metamorphism when 
such introduction takes place and to discover the source of the added 
substances. Goldschmidt (1921) has shown, for example, that alkalis 
and silica have been added to argillaceous sediments in the Stavanger re- 
gion of Norway, and Barth (1936) has made similar observations in 
Dutchess County, New York. In both areas the introduced elements were 
derived from nearby intrusives. 

In the Littleton and Moosilauke quadrangles of westernmost New 
Hampshire (Fig. 1) high-grade metamorphic rocks were developed with- 
out any notable introduction of material from external sources (Billings, 
1937, p. 544-545). Farther east, however, after high-grade metamorphic 
rocks were formed by recrystallization, potash was locally introduced in 
large quantities. It is the purpose of this paper to present the evidence 
upon which this conclusion is based. 
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Ficure 1—Areal distribution of metamorphosed Devonian sediments and various 
magma series in west-central New Hampshire 


The metamorphosed Devofian sediments in the high-grade zone, particularly in the Franconia 
and Plymouth quadrangles, are intruded by numerous bodies of Bickford (= Concord) granite and 
pegmatite, too small to show on this map. One such body lies 0.2 mile northwest of the South 
Peak of Loon Mountain. Data for Rumney and Plymouth quadrangles from unpublished maps by 
L. R. Page and C. B. Moke, respectively. 
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AREAL RELATIONS 


Lower Devonian sediments, originally shale and sandstone, but now 
showing various grades of metamorphism, are abundant in western New 
Hampshire. In the low-grade zone (Fig. 1) the Devonian sediments are 
slate, slaty sandstone, and sandstone. In the middle-grade zone, they are 
staurolite schist, garnet schist, biotite schist, quartz-mica schist, and re- 
lated types. In the high-grade zone, which is typically developed in the 
vicinity of Mt. Moosilauke, in the quadrangle of the same name, the rocks 
are sillimanite schist, sillimanite-staurolite schist, garnet schist, biotite 
schist, quartz-mica schist, and related types. In general, the individual 
grains composing the groundmass of the high-grade schists have diam- 
eters ten times as great as the grains in the middle-grade schists (Billings, 
1937, p. 492). 

Similar high-grade schists occur in the Franconia quadrangle (Fig. 1) 
and were called the Taliord schist (Billings and Williams, 1935, p. 8). 
Due to their lithologie similarity to the Littleton formation in the Mt. 
Moosilauke area, they were tentatively assigned to the Devonian. Dur- 
ing the last few years, L. R. Page (1937) has traced the Mt. Moosilauke 
belt of schists southeasterly across the Rumney quadrangle to the western 
border of the Plymouth quadrangle. From there, C. B. Moke (manuscript 
in preparation) has traced the schists northeasterly through the Plymouth 
quadrangle into the Franconia quadrangle. It is now obvious that the 
Talford schists of the Franconia quadrangle are continuous with the 
Littleton formation of the Moosilauke quadrangle and are lower Devo- 
nian. 

LITHOLOGIC CHARACTERS 
GENERAL STATEMENT 


In the high-grade zone, except for the westernmost few miles, aggregates 
of muscovite pseudomorphic after sillimanite porphyroblasts are common. 
The writer has observed this feature particularly in the Franconia, Mt. 
Washington, and Cardigan quadrangles, and L. R. Page states that it is 
common in the Rumney quadrangle. In some localities, all transitions 
may be found from sillimanite schist, in which the sillimanite porphyro- 
blasts are unaltered, to muscovitized schist in which all the sillimanite 
porphyroblasts have been replaced by muscovite. In order to study these 
relations more fully, a series of specimens was collected in the summer 
of 1934 from the vicinity of the South Peak of Loon Mountain, in the 
south-central part of the Franconia quadrangle (Fig. 1). 


SILLIMANITE SCHIST 


Typical sillimanite schist is exposed 0.2 mile northwest of the South 
Peak of Loon Mountain, along the trail leading from North Woodstock 
to Loon Pond. The rock has little or no schistosity, and milky-white 
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porphyroblasts of sillimanite, 5 td 25 mm. long, lie with the long axes 
essentially parallel to one another. The groundmass shows dark and 
light streaks. The former consist chiefly of biotite, with some muscovite 
and quartz; the latter are chiefly quartz, with some muscovite and 
plagioclase. 

Microscopic study shows that the sillimanite porphyroblasts are sharply 
defined against the groundmass. A granoblastic texture characterizes the 
groundmass; the individual grains range from 0.2 mm. to 1.0 mm. The 
essential minerals are quartz, biotite, muscovite, and oligoclase; there are 


TasLe 1—Chemical Analyses 


1 2 3 


1. Slate, low-grade zone. Slate Ledge quarry, Littleton quadrangle, 3 miles west of Littleton, N. H. 


Analysis by F. A. Goyner. 
2. Sillimanite schist, high-grade zone. 0.2 mile NW of summit of South Peak of Loon Mountain, 


Franconia quadrangle, N. H. Analysis by W. H. Herdsman. 
3. Muscovitized schist, high-grade zone. Summit of South Peak of Loon Mountain, Franconia 


quadrangle, N. H. Analysis by W. H. Herdsman. 
minor amounts of garnet and magnetite. The oligoclase contains small 
blebs of quartz in myrmekitic intergrowth. 

A chemical analysis of the sillimanite schist is given in Table 1, column 
2, and the mineralogical composition calculated therefrom is given in 
Table 2, column 2. The calculations were made as follows, using mole- 
cular proportions: Free carbon was assumed to be present as graphite. 
There was so little sulphur that a trace of pyrite was assumed to be 
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present. As there was only a trace of phosphoric pentoxide, a trace of 
apatite was assumed to be present; the small amount of lime necessary 
was neglected. All the soda, with an equal amount of alumina and six 
times as much silica, was assigned to the albite molecule; all the lime, 
with an equal amount of alumina and twice as much silica, was assigned 
to the anorthite molecule; the albite and anorthite molecules were joined 
to form plagioclase. The thin sections show about one per cent (by weight) 
of magnetite; equal quantities of ferric oxide and ferrous oxide were 
allowed to form this amount. The thin section shows about one per cent 


Tas_e 2.—Mineralogical Composition of Rocks 


1 2 3 4 5 
25.4 0.0 0.0 20.3 0.0 
0.7 0.0 0.0 0.9 0.0 
Muscovite 
Sericite 32.0 9.7 32.2 25.0 7.6 
0.0 1.0 2.0 0.0 2.0 
0.0 0.7 0.2 0.7 0.5 
n.d 0.3 0.0 0.3 n.d. 
100.0 100.0 100.0 100.0 100.0 


1. Slate, low-grade zone. Slate Ledge quarry, Littleton quadrangle, 3 miles west of Littleton, N. H. 
Calculated from analysis 1, Table 1. 

2. Sillimanite schist, high-grade zone. 0.2 mile NW of summit of South Peak of Loon Mountain, 
Franconia quadrangle, N. H. Calculated from analysis 2, Table 1. 

3. Muscovitized schist, high-grade zone. Summit of South Peak of Loon Mountain, Franconia 
quadrangle, N. H. Calculated from analysis 3, Table 1. 

4. Sillimanite schist (No. 2) recalculated as if it were in low-grade zone. 

5. Slate (No. 1) recalculated as if it were in the high-grade zone. 
of almandite; ferrous oxide, alumina, and silica, in a 3:1:3 ratio, were 
allotted to make this amount. All the titania and magnesia, and the 
remaining ferric and ferrous oxide, were assigned to biotite; alumina, 
silica, potash, and water were added in the proportions found by Barth 
(1936, p. 783) in a high-grade biotite from Dutchess County, New York. 
The remaining potash was assigned to muscovite; three times as much 
alumina, six times as much silica, and twice as much water were added. 
The alumina still left was joined with an equal amount of silica to form 
sillimanite. The remaining silica was then assigned to quartz. 
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MUSCOVITIZED SCHIST 


As one climbs the northwest slope of the South Peak of Loon Mountain, 
the sillimanite porphyroblasts become more and more replaced by musco- 
vite, and at the very summit there is no trace of sillimanite. The rock 
from the summit does not differ megascopically from the sillimanite schist 
just described, except that muscovite aggregates, up to 30 mm. long, have 
replaced the sillimanite porphyroblasts. 

Microscopic study shows that the groundmass, as in the sillimanite 
schist, consists chiefly of quartz, muscovite, biotite, and plagioclase, with 
some garnet, magnetite, and apatite. There is, however, no myrmekitic 
intergrowth of quartz and plagioclase. The texture is granoblastic, the 
individual grains ranging from 0.2 to 2.0mm. The muscovite aggregates 
in the thin section studied are up to 10 mm. long, but the individual flakes 
are only 0.2 to 1.0 mm. across and have a diverse orientation. 

A chemical analysis of this rock is given in Table 1, and the mineral- 
ogical composition calculated therefrom is given in Table 2. The same 
general system of calculation was followed as in the sillimanite schist. 
After alumina had been allotted to plagioclase, biotite, and muscovite, 
nine molecular proportions were still left. Normally, this would be as- 
signed to sillimanite, but, as the thin section shows none of this mineral, 
the excess alumina was given to biotite. In any case, this rather arbitrary 
method would not greatly modify the results. 


EXPLANATION SUGGESTED BY FIELD OBSERVATIONS ALONE 


These observations indicate that a sillimanite schist was first formed 
by metamorphic processes. Somewhat later, moving solutions introduced 
a great deal of potash into the rock, altering the sillimanite to muscovite. 
Comparison of analyses 2 and 3 of Table 1 indicates the extent to which 
potash has been introduced. Inasmuch as the sillimanite schist is highly 
aluminous, it seems reasonable to assume that it has recrystallized from 
an aluminous shale without much change in chemical composition, except 
for the loss of some water and perhaps carbon. If these explanations are 
correct, there are two stages of metamorphism in the area—an earlier stage 
dominated by recrystallization without much change in composition and 
affecting even the high-grade zone, and a later, metasomatic stage in 
which potash was introduced into some parts of the high-grade zone. 


SLATE FROM LOW-GRADE ZONE 


The sillimanite schist is believed to have been derived, without much 
change in chemical composition, from a slate similar to one that has been 
analyzed from the low-grade zone. The analysis of this slate is given in 
Table 1. It is a fine-grained rock, in which the individual grains have a 
diameter of about 0.01 mm. The mineralogical composition, as calculated 


ve 
“9 
1 


SLATE FROM LOW-GRADE ZONE 295 


from the chemical analysis, is given in Table 2. In making the calcula- 
tions, zirconia and titania were assigned to zircon and rutile, respectively. 
Soda was joined with an equal amount of alumina and six times as much 
silica to form the albite molecule; lime was joined with an equal amount 
of alumina and twice as much silica to form the anorthite molecule; the 
albite and anorthite were joined to form plagioclase; the presence of 
plagioclase could not be proved by direct microscopic study, and part of, 
or all, the elements involved may be present in some other form. All the 
potash, with three times as much alumina, six times as much silica, and 
twice as much water, was assigned to sericite. All the iron, magnesia, and 


TaBip 3—Chemical composition of slates from Dutchess County, New York 


1 2 3 4 

3.92 5.80 5.56 5.16 


1. Olive-gray slate, 144 miles west of Lagrangeville, Poughkeepsie quadrangle, N. Y. A. Willman, 
analyst. 

2. Black slate, road-cut north of Moores Mills, Clove quadrangle, N. Y. A. Willman, analyst. 

3. Olive-gray slate, Hill 780, 1 mile southwest of Clove Mountain, Clove quadrangle, N. Y. Ellestad, 
analyst. 

4. Black phyllitic slate, half a mile north-northwest of Beekman, Clove quadrangle, N. Y. Ellestad, 
analyst. 


remaining alumina were assigned to chlorite; the appropriate amounts of 
silica and water, as indicated by Winchell’s formulae (1927, p. 374), were 
added. The remaining silica was assigned to quartz. 


COMPARISON OF CHEMICAL ANALYSES 


In comparing the different chemical analyses, it is exceedingly difficult, 
of course, to know what differences are inherent in the original sediments 
and what are due to later metasomatic processes. Four shale analyses 
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from southeastern New York, given by Barth (1936, p. 799) and quoted 
in Table 3, show how variable the original sediments may be. It may 
seem impossible, therefore, to decide what differences in the analyses from 
New Hampshire are primary, and what are secondary. 

The problem may first be analysed by assuming that, in the transforma- 
tion of slate to sillimanite schist, there has been no important change in 
chemical composition, except for loss of water. In order to compare the 
two, it is desirable to calculate the mineralogical composition of the silli- 
manite schist as if it were in the low-grade zone. The results are shown 
in Table 2, column 4. The same methods were employed as in calculating 
the mineralogical composition of the slate found in the low-grade zone. 

Inasmuch as there was not enough water in the sillimanite schist to 
satisfy the requirements for a slate, it was necessary to add nearly 144 


Taste 4—Molecular Ratios of Alkalis to Alumina, Littleton Formation 


1 2 3 
ALO; 
0.09 0.07 0.04 
Al,O; 
0.28 0.24 0.36 
Al,O; 


1. Slate, low-grade zone. 
2. Sillimanite schist, high-grade zone. 
3. Muscovitized schist, high-grade zone. 


per cent of water to the sillimanite schist and then recalculate the mineral- 
ogical composition to 100 per cent. The sillimanite schist, calculated as 
if in the low-grade zone, has more quartz than the slate, but has less 
sericite, chlorite, and plagioclase. It seems plausible that these differences 
were inherent in the original sediments. 

Another way of attacking the problem is to calculate the mineralogical 
composition of the slate if it were to recrystallize as a sillimanite schist 
without any change in chemical composition, except loss of water. The 
result is given in Table 2, column 5. The same methods were used as in 
calculating the mineralogical composition of the sillimanite schist from 
its own analysis. There is, however, more water in the slate than is 
needed for the sillimanite schist; therefore, recalculation of the mineralog- 
ical composition to 100 per cent was necessary. The slate, if recrystallized 
under high-grade conditions, would give a sillimanite schist rather similar 
to that found on Loon Mountain. The chief differences would be in 
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quartz and biotite, but it is significant that the sillimanite content would 
be about the same. 

The problem may now be analysed by assuming that the differences in 
composition between the slate and the sillimanite schist are secondary. 
Barth (1936) and Goldschmidt (1921) found in southeastern New York 
and the Stavanger region a progressive increase in the alkali-alumina 
ratio. But as Table 4, columns 1 and 2, shows, in the metamorphism of 
slate to sillimanite schist there has been no increase in the potash-alumina, 
soda-alumina, or alkali-alumina ratios. If anything, there has been a 
decrease in these ratios. 

It is concluded, therefore, that the chemical differences between the 
slate and the sillimanite schist are primary rather than secondary, with 
the exception, of course, of water. 

If the chemical analysis of the muscovitized schist be compared with 
that of the sillimanite schist, the differences, as far as any evidence of- 
fered by the analyses themselves is concerned, could be primary or sec- 
ondary. But none of the argillaceous sediments from Dutchess County 
(Table 3) or from Minnesota (Grout, 1933, p. 997) have such a high 
potash content as the muscovitized schist. Furthermore, and even of 
greater significance, the pseudomorphic relation of the muscovite after 
sillimanite indicates that potash has been added to the sillimanite. The 
potash might have been derived from the groundmass of the schist itself. 
This suggestion is readily eliminated, however, when the mineralogy of 
the groundmass of the muscovitized schist is considered; this groundmass 
is composed of quartz, biotite, muscovite, plagioclase, and a little garnet 
(Table 2, column 3). If the potash came out of the groundmass, some 
mineral which has lost potash should be found. Possible sources of the 
potash would be biotite, muscovite, and orthoclase. If the potash came 
from biotite, there should be chlorite in the groundmass. If the potash 
came from muscovite, there should be some orthoclase in the groundmass. 
Or, if the potash came from orthoclase, there should be some aluminous 
mineral, such as sillimanite, in the groundmass. But chlorite, orthoclase, 
and sillimanite are absent from the groundmass. It seems clear, there- 
fore, that the potash added to the pseudomorphs could not have been 
derived from the groundmass of the muscovitized schist. This fact, 
coupled with the high potash content of the muscovitized schist, indicates 
that the potash must have come from some extraneous source. 

If it be assumed that a slate, such as the one described, be first meta- 
morphosed to sillimanite schist, 14 per cent sillimanite will form, as shown 
in Table 2, column 5. If, in the ensuing metasomatic stage, all the silli- 
manite be converted to muscovite, 2.7 per cent of potash and 1 per cent 
of water must be added. The potash content would be increased from 
3.8 per cent to about 6.4 per cent. The original potash content and 
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the amount added would total 6.5 per cent, but a slight reduction in 
this figure is necessary, as the total weight of the rock is increased. The 
total amount of potash, 6.4 per cent, checks very well with the potash 
content of the muscovitized schist, which is 6.3 per cent. To convert 
all the sillimanite of specimen 2 to muscovite, 2.3 per cent potash and 
0.9 per cent water would have to be added. This would increase the 
potash content to 5.2 per cent. 

The chemistry of the rocks is thoroughly consistent, therefore, ‘with 
the hypothesis suggested by the field observations—viz., that the original 
shales recrystallized to sillimanite schists without much change in chem- 
ical composition, except for the loss of water, but in a later metasomatic 
phase of metamorphism potash was locally introduced. 


SOURCE OF THE SOLUTIONS 


In searching for the source of the potash introduced, one must con- 
sider both the space and the time relations—large regional relations, not 
a small area. Field observations made by many geologists during the 
past decade in western and central New Hampshire must be utilized. 
Granting that the source of the potash is visible at the surface of the 
earth, the sediments to which potash has been added and the source 
should be found in approximately the same areas. The time relations 
should also be satisfied. If possible, it should be shown that the potash 
was introduced at essentially the same time as it was being eliminated 
from the source. 

As a working hypothesis, the source may be assumed as some mag- 
matic body. In western New Hampshire, four magma series have been 
recognized. The Highlandcroft is pre-Silurian; the Oliverian just pre- 
ceded the great period of folding—probably middle or late Devonian; 
the New Hampshire magma series accompanied, and followed, the later 
etages of the folding; and the White Mountain (alkaline) magma series 
followed the folding and a subsequent long period of erosion. 

The Highlandcroft, Oliverian, and White Mountain magma series may 
be eliminated as a possible source for the potash because of space rela- 
tionships, if all western New Hampshire be considered. Potash has been 
added to the schists tens of miles from intrusives belonging to these 
magma series. On the other hand, there is a close spatial relationship 
between the New Hampshire magma series and areas where potash has 
been introduced. Similarly, many of the members of the New Hampshire 
magma series may be eliminated, and the only intrusives that seem to 
fulfill the space relationships are the Kinsman quartz monzonite, the 
Bickford (= Concord) granite, and perhaps the Bethlehem gneiss. 

The time relations may now be considered. The potash has been 
introduced subsequent to the formation of the replaced sillimanite por- 
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phyroblasts. It was concluded in the Littleton-Moosilauke area (Bill- 
ings, 1937, p. 554) that the existing porphyroblasts, because they cut 
across the schistosity indiscriminately, are younger than the folding. 
Elsewhere, notably in the Cardigan quadrangle, the porphyroblasts show 
a linear arrangement (Fowler-Lunn and Kingsley, 1937, p. 1375) and 
were probably formed in the later stages of the folding. The Kinsman 
quartz monzonite is believed to have been intruded in the later stages 
of the folding, and the Bickford granite shortly thereafter. Either one, 
therefore, satisfies the chronological requirements. 

Goldschmidt (1921) has shown how the potash may be derived. Hy- 
drolysis of orthoclase in the later stages of crystallization of a magma 
would release potash. 


3 Orthoclase -++2 Water 2 Muscovite +2 Potash +12Silica 
3 K.AI.Si,0,2 2 H.O —2 H.KAI,S8i,0, 2 12 sid. 


The water is most likely of juvenile origin, and is released during the 
final stages of crystallization. Although connate water in the sediments 
might be a source, it seems unlikely, for such water would move away 
from the magmatic source. As a result of the hydrolysis, muscovite 
would partially replace orthoclase in the plutonic rock. The potash and 
half the silica so released are added to sillimanite to form muscovite. The 
rest of the silica may (1) stay in the plutonic rock as quartz, (2) form 
quartz veins, or (3) add quartz to the schist. 

On these assumptions, the source rock should carry muscovite. In- 
terestingly enough, the Kinsman quartz monzonite and the Bickford 
granite are the only important plutonic rocks in western New Hampshire 
which carry any quantity of muscovite; locally the Bethlehem gneiss has 
considerable muscovite. The spatial, chronological, and physical-chemical 
considerations agree, therefore, in suggesting the Kinsman quartz mon- 
zonite and the Bickford granite as the sources of the potash-rich solutions. 


EFFECT OF RETROGRADE AND METASOMATIC PROCESSES 
ON SILLIMANITE 


In an earlier paper (Billings, 1937, p. 552) it has been shown that sil- 
limanite porphyroblasts may react with biotite to form staurolite and 
muscovite, according to the equation: 


Sillimanite + Biotite + Water = Staurolite + Muscovite 


Staurolite resulting from this reaction is particularly common in the 
western part of the belt of schists running through Mt. Moosilauke. Ex- 
cept for the introduction of water, this reaction involves no addition of 


material. 
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The process described in the present paper is very different, involving 
the addition of material, and, as biotite does not participate in the re- 
action, no staurolite is produced. 

Obviously, in some localities both processes may have affected the rocks, 
either simultaneously or successively. In fact, the presence of potash- 
bearing solutions might stimulate the reaction between sillimanite and 
biotite to form staurolite and muscovite. In the sillimanite-biotite reac- 
tion the staurolite-muscovite ratio should be about 3:1. If a pseudomorph 
after sillimanite contains muscovite in a greater proportion than this, it 
indicates that some of the muscovite has been formed by the introduc- 
tion of potash. 

CONCLUSIONS 


Argillaceous sediments in western New Hampshire first recrystallized, 
even in the sillimanite zone, without any significant change in chemical 
composition, except loss of water. In a later, metasomatic phase, potash 
was introduced, with a consequent increase in the potash-alumina ratio. 

These conclusions are similar, in some respects, to those reached by 
Goldschmidt (1921) in the Stavanger region of Norway and by Barth 
(1936) in southeastern New York. In New Hampshire, Norway, and 
New York the alkali-alumina ratio in the sediments has been increased 
because of alkalis introduced from maginatic sources. There are, how- 
ever, several notable differences: (1) In New York and Norway the two 
distinct stages of metamorphism have not been recognized. Apparently, 
the alkalis were already available as the higher stages of metamorphism 
were being attained. (2) The chemical changes in New York and Norway 
are apparently more uniform, and not as sporadic as in New Hampshire. 
In New Hampshire the earlier stage was regional, affecting the sediments 
equally over large areas. The later, metasomatic stage was local, and 
areas of sillimanite schist were left unaltered. (3) The chemical changes 
in New Hampshire have apparently not been as extensive as in the other 


two areas. 
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INTRODUCTION 


As geologist on the 1935 archeological expedition of Dr. Frederica de 
Laguna to the lower Yukon Valley, the writer enjoyed the opportunity 
to study the unconsolidated sediments and topographic features of the 
region. In order to direct the search for prehistoric habitations the Pleisto- 
cene and recent erosional and depositional activity of the Yukon was 
particularly investigated. 

The field work began at Nenana, but the trip down the Tanana River 
to Tanana Station was negotiated quickly and served chiefly to acquaint 
the writer with the nature of the problem. Systematic observation and 
sampling began first at Tanana Station. As the cut banks of the rivers 
furnish the best and commonly the only exposures of the unconsolidated 
deposits, the small river skiffs which conveyed the expedition provided 
convenient means of measuring, sampling, and tracing for long distances 
each conspicuous sediment type. Only occasionally did side trips lead 
farther away from the river than its immediate valley walls and bounding 
hills. The Koyukuk River was ascended 90 miles to the mouth of the 
Kateel River (Fig. 4). An excursion through the Shageluk Slough (Fig. 
1) permitted limited observations in the valley of the Innoko River. The 
Khotol River and Kaiyuh Slough were traversed, and the Kaiyuh Moun- 
tains, bounding the eastern side of the broad Yukon belt, were examined. 
The Sisdlartna Slough was ascended and the unconsolidated sediments in 
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Ficure 1. DOWNSTREAM FROM RUBY 
The near-level tops of the Ruby hills (right horizon) rise 500 to 900 feet above the river 
and are mantled with tan loam. 


Ficure 2. View (souTH-SOUTHEAST) JUST ABOVE RuBYy 
The hills rise to a fairly uniform level about 900 feet above the river and are mantled 
with tan loam. 


Figure 3. VIEW UPSTREAM FROM GRAYLING PEAK 
Mouth of Grayling River (middle distance). The bedrock hills rise directly from the river 
(left) and the broad meander belt extends to the Kaiyuh Mountains (right). 


TOPOGRAPHY ALONG THE YUKON 
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Ficure 1. View (west) 
Mountains probably exceed 4000 feet in elevation and are probably composed of Cretaceous 
sedimentary rocks. 


Ficure 2. View (East) 
From about the same aerial position as figure 1. Showing the freshly intrenched Blackburn Creek 
and its small delta in the Yukon. Blackburn Island in the distance. 
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the Kaiyuh Mountains again observed. An aerial flight from Holy Cross 
to Fairbanks at the end of the summer afforded a check on the physi- 
ographic observations and considerably extended the area to which they 
apply. The area described in the following pages must be limited, how- 
ever, to a belt 50 miles wide, extending from Tanana Station to Holy Cross, 
a distance of about 450 miles (Fig. 4). 

The geologists of the Alaskan Branch of the United States Geological 
Survey, Dr. J. B. Mertie, Jr., Dr. 8. R. Capps, Dr. P. 8. Smith, and Dr. 
F. H. Moffit, have proffered much valuable advice and constructive sug- 
gestions. Professor M. W. Senstius, of the Department of Geology of the 
University of Michigan, has been very helpful in running the mechanical 
analyses, and Professor T. 8. Lovering, of the same department, has 
critically read the manuscript. The time-consuming and careful work of 
Professor W. F. Hunt, of the Department of Mineralogy, University of 
Michigan, in making the petrographic determinations is especially ap- 
preciated. Mr. K. A. Gorton, a graduate student at the University of 
Michigan, accompanied the expedition as assistant geologist and rendered 
invaluable help to the writer in the field. 


REGIONAL TOPOGRAPHY 


Brooks (1916) recognizes five physiographic provinces in Alaska and 
names the one of which the lower Yukon area is a part the “Central 
Plateau Region.” This is characterized by flat-topped interstream areas’ 
separated by broad and low-lying, estuarine-like embayments. A few 
minor ranges and peaks rise above the general level of the upland surface. 
The plateau feature is best developed in the upper Yukon Basin, for it 
loses its definition upon approach to Bering Sea. Here the characteristic 
topography consists of mature hills rising island-like from the broad low- 
lands. The lower Yukon area of the Central Plateau is bordered on the 
southeast by the Alaska Range and on the north by the Brooks Range 
(Fig. 4). These two great ranges are about 300 miles apart. 


LOCAL TOPOGRAPHY 
GENERAL STATEMENT 


Reports of the United States Geological Survey upon the region of the 
lower Yukon commonly comment upon the ridges of the Central Plateau 
as the “upland” and the broad flat valleys as the “lowlands.” The Mertie 
and Harrington (1924, p. 45) description of the Ruby-Kuskowim topog- 
raphy applies very well to most of the region. 


“The underlying conception of the Ruby-Kuskokwim topography should be that 
of a rolling country of low ridges, from which long, flat-topped spurs extend laterally 
into broad stream valleys. (See plates I, II, III, IV.) The monotony of this 
topography is broken at a number of localities by higher mountain groups, which, 
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Ficure 1.—Block diagram of the lower Yukon Valley 


From ‘the Palisades, a few miles below Tanana, to Anvik and the Bonasila River. The view is 
downstream and approximately west. The diagram has been prepared with the limited accuracy 
which existing maps, observations from the river, and sketches and photographs from the air allow. 
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however, are not connected, but stand out in isolated relief from the surrounding 
country.” 


The ridges and long spurs range in relief above the lowland from 700 
to 1200 feet (Pl. 1) and the isolated mountain groups from 1500 to 3700 
feet. The highest peaks close to the Yukon River at any point below 
Tanana are northwest of Blackburn Island (Fig. 4). They have not been 
mapped but rise probably over 4000 feet above the river (Pl. 2, fig. 1). 
Figure 1 is a block diagram of the lower Yukon Valley, showing the 
upland surface as well as other topographic forms. 


BEDROCK TOPOGRAPHY 


The topography of the upland is developed on lithified rocks which 
range in age from pre-Cambrian to Eocene. It is decidedly different in 
its generally subdued, rounded aspect from the other topographic forms 
developed on the unconsolidated Pleistocene and Recent sediments of the 
lowland. Some of the bedrock hills rise only a hundred feet above the 
valley bottoms and cannot be regarded as uplands although they have 
the same type of topography (see Bishop Rock, Fig. 1 and Pl. 3). Inas- 
much as the tableland, a surface developed on unconsolidated deposits, is 
higher than some of the bedrock hills, it appears advisable to speak of 
the bedrock surface rather than of the upland. In the following pages, 
therefore, the mature surface with its monadnock-like mountain groups 
developed on the lithified rocks will be referred to as the “bedrock topog- 
raphy.” 

TABLELAND TOPOGRAPHY 

A conspicuous escarpment or bluff (Pl. 8, fig. 1) was traced by the 
writer in the field along the south side of the Yukon from the Nowitna 
River upstream into the Tanana lowland where it is shown on Eakin’s 
map (Eakin, 1917, Pl. 1). It supports a level-topped benchland of con- 
siderable extent (Fig. 1, Pl. 6, fig. 1). Russell (I. C. Russell, 1890, p. 122) 
describes the plain at the Palisades as follows: 


“The bluffs of the Palisades are approximately 300 feet high, level-topped and 
composed of fine, light-colored, evenly stratified sediments. Back from the bluffs 
is a level, densely wooded tableland, with swamps and ponds. The same escarp- 
ment extends some 10 miles up the river, clothed with vegetation, and with a 
densely wooded flood-plain along its base.” 


Russell’s tableland is a surface almost as flat as the true valley bottom 
but 200 to 300 feet above it. It is also prominently developed south of 
Louden at the Cave-off Cliffs (Figs. 1, 8) and at the mouth of the Anvik 
River (Fig. 3). It is dissected by youthful V-shaped valleys at grade 
with the present Yukon, but undrained or poorly drained areas remain, 


1The escarpment also appears on the Alaska Railroad topographic sheet, Yanert Fork to 
Fairbanks. 
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which in places are occupied by small swamps or lakes (PI. 6, fig. 1). 
This elevated plain will be referred to as the tableland. 

Eakin (1918, p. 10, fig. 2) has observed terracing of the tableland near 
the uplands of the Cosna-Nowitna region. He writes: 


“At some places the descent from a higher to a lower plain forms a distinct scarp. 
The scarps follow broadly curved lines ... [but approximately parallel with the 
Tanana—author’s note]. The principal drainage lines across the plains (and ter- 
races) are deeply intrenched and in places have cut through the alluvial deposits, 
uncovering and cutting canyons in the bedrock.” 


It will be shown later that the tableland is developed almost entirely 
in unconsolidated deposits and that it is probably an erosional surface. 


MEANDER-BELT TOPOGRAPHY 


The Yukon flows in an exceedingly flat bottom land (Fig. 1). A maxi- 
mum relief of 20 feet is found along the banks of the river, its sloughs, 
tributaries, and abandoned channels. At Tanana the valley bottom is 
6 to 10 miles wide; it narrows at Gold Hill and at Ruby to 2 miles. At 
Louden it is about 5 miles wide; between Louden and Koyukuk Station 
the confluence of the Koyukuk River has produced a valley flat about 
35 miles wide with only two small bedrock hills rising above the plain; 
at Nulato the belt is 20 miles wide but diminishes to 5 miles at Khotol 
River. 

The valley bottom is bounded on both sides by bluffs composed either 
of unconsolidated sediment (Pls. 7, 8) chiefly of Pleistocene age, or of 
pre-Cambrian schist (Eakin, 1916, p. 31-40), Cretaceous sandstone and 
shale, and extrusive rocks (Eakin, 1916, p. 41-47; Hollick and Martin, 
1930, Pl. 87; Smith and Eakin, 1911, p. 54-71) (Pls.1,2). The tableland 
bluffs range in height from 50 to 300 feet and the bedrock cliffs from 50 
to 600 feet. 

The valley between the bluffs and the bedrock hills has the appearance 
of a meander belt. The great crescentic sweeps of the bluffs, most con- 
spicuous in the tableland alluvium but also pronounced in the bedrock, 
indicate lateral erosion and are interpreted as meander scars. The process 
of meander scar cutting of the same curvature within the bottom land 
of the lower Yukon today lends credence to this conclusion. Many tribu- 
taries are intrenched in the vedrock and tableland, presumably a reflection 
of the downward cutting of the main stream. Meanders intrenched in 
bedrock are common and are plainly seen from the air along the western 
and northern side of the Yukon from Tanana to Anvik. Plate 2, figure 2, 
is an example of such a stream opposite Blackburn Isiand. The intrench- 
ment of the streams in the tableland parallels that in bedrock. The Zit- 
ziana River, according to Eakin (1918, p. 10-12), is deeply intrenched 
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Ficure 1. View UPSTREAM AT TANANA STATION 
Mouth of Tanana River (right). Bedrock hills (left of Tanana) are nearly surrounded by alluviym. 


Ficure 2. View NORTHEAST OF Noparos MountTAIN 
This is a bedrock island, 200 to 300 feet high, situated a few miles south of Bishop Rock (text Fig. 1). 
An unnamed slough skirts its northern and westera sides. 


BEDROCK HILLS IN THE MEANDER BELT 
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Ficure 1. View (NORTHEAST) OF THE KuHorot RIVER 
Flowing in the Yukon meander belt. Kaiyuh Mountains to the right; abandoned channels of either 
the Khotol or the main river in the foreground. 


Ficure 2. View (soutH) oF BLACKBURN ISLAND 
Kaiyuh Mountains in the distance; Sisdlartna Slough in the middle distance. The meander belt here 
is about 8 miles wide. 
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in the silt plain, and so is the Chitanana River (Fig. 4) along whose course 
sheer bluffs of silt, 400 to 500 feet high, are exposed. 

Mertie and Harrington (1924, p. 6) describe the intrenchment of the 
tributaries of the Nowitna and the Sulatna in the Ruby district and also 
certain mounds in the valley flats as remnants of cireumdenudation. 

These observations lead to the conclusion that the lower Yukon Valley 
between the bluffs and the bedrock hills is one of a gently rejuvenated 
stream with lateral erosion as the dominant process but downward cutting 
also pronounced. The active shifting of the Yukon channel was a sub- 
ject of particular interest to the writer and a separate paper, treating 
of the processes of cutting and deposition, is printed in a subsequent issue 
of the Butietin. In it the conclusion is drawn that degradation domi- 
nates aggradation at the present time over most of the meander belt be- 
tween Tanana Station and Holy Cross. This is a continuation of the 
process already suggested. 

The Tanana River, however, above its junction with the Yukon (PI. 5, 
fig. 2) appears to be an aggrading stream, and to have dammed the south- 
ward-flowing Tolovana. The Fish Lake re-entrant, also in this region, 
appears to be an area of aggradation, because from the air it is seen to be 
one of innumerable, irregular lakes (PI. 5, fig. 1) and contrasts strongly 
with the channel-marked surface of the Yukon meander belt below Tanana 
(Eardley, 1938). Mertie (1918, p. 255) also points out the natural levees 
of some of the streams in this region, which indicate active deposition, 
but also mentions the anomalous stretches of intrenched meanders in the 
same streams. The channel of the Tanana divides and redivides much 
more than that of the Yukon below Tanana; it is engaged more actively 
in bar building than is the Yukon, and its banks are noticeably lower, 
permitting more frequent flooding. It is probably a dominantly aggrading 
stream at present. On the other hand, the Palisades bluffs extend con- 
spicuously up the lower Tanana to the Cosna, and perhaps beyond. This 
escarpment and its tableland are dissected by the streams which drain 
into the Tanana. It is concluded, therefore, that the activity of the lower 
Tanana has paralleled that of the Yukon, in the sections mentioned, up 
to recent time, when the Tanana changed to an aggrading stream, while 
the Yukon has continued dominantly a degradational stream. An inquiry 
into the cause of the change in activity of the Tanana is not within the 
scope of this discussion. 

The meander-belt bluffs in the tableland below Tanana are commonly’ 
not simple terrace forms such as are found at the Palisades; they consist 
of several terraces, in most places with only the lowest one adjacent to 
the river visible (Figs. 2,3,6). Eakin (1916, p. 57) attempted to correlate 
these numerous terraces from Tanana to the Koyukuk, without success,’ 
and concluded that a more-detailed study was necessary. He believes 
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them to be “destructional forms carved in the original valley filling by 
the river itself” as a last phase of the river history. With this the writer 
concurs. If the terraces are the result of the erosion of the present meander 
belt, they may have formed from place to place at any elevation, from the 
surface of the tableland down to the river level, and need not represent 
periodic rejuvenations. If this is true, they probably could not be 
correlated. 
RE-ENTRANT TOPOGRAPHY 

A type of topography different from that of the bedrock or the meander 
belt is developed on the alluvium in certain re-entrants in the bedrock hills 
between Tanana and Ruby. One of these is found at Kallands (Fig. 1) 
opposite the Palisades. It is a triangwar area of “Pleistocene” alluvium 
(Eakin, 1916, Pl. 2). One is found at the Birches and still another one 
opposite Ruby. A less distinct re-entrant opposite the mouth of the 
Nowitna may also be noted. These areas do not have the channeled and 
flat surface of the meander belt but consist of broad fan-shaped forms 
modified by irregularly concentric terraces, many of them rather indis- 
tinct, which are trenched by the streams that flow over them to the Yukon. 

The Ruby re-entrant has been called a delta by Mertie and Harring- 
ton (1924, p. 50). They believe the delta has been built by the Melozitna 
River as it enters the Yukon. Difficulty is felt in harmonizing this view 
with the erosional activity of the Yukon. From the air or from the 
bluffs at Ruby, the Melozitna River is seen to have a wide meander belt 
intrenched in the alluvium of the re-entrant (Fig. 1). The bluffs of the 
Melozitna meander belt are continuous with those of the Yukon meander 
belt, and, back of the bluffs, remnants of the tableland in the re-entrant 
alluvium may exist. The alluvium of the re-entrant is not deltaic in 
texture or structure. A large-boulder gravel is exposed at the bottom, 
with tan loam above. A peat bed is also exposed, apparently at the 
base of the loam. These sediments will be described later. They are 
characteristically of regional development and are not expressive of a 
local delta deposit. The re-entrant topography probably consists of 
dissected remnants of the tableland and, therefore, does not deserve a 
separate name. 


DISTRIBUTION AND TYPES OF UNCONSOLIDATED SEDIMENTS 


The earliest geologists to explore the lower Yukon noted an extensive 
development of fine, unconsolidated deposits. These were observed par- 
ticularly along the river in banks as high as 200 feet, but also were 
recognized as extending under broad plains adjacent to the river. Spurr 
(1898, p. 200) gave the name “Yukon silts” to all these fine deposits and 
considered them of Pleistocene age. Since Spurr’s early reconnaissance, 
many other more local and detailed surveys have noted the “silts,” and 
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Ficure 2.—Sections along the Yukon from Tanana Station to Nulato 
Showing the unconsolidated sediments and their relation to the bedrock. 
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have found them to be as widespread as the area of the great Yukon 
drainage system not covered by the Wisconsin glaciers (Capps, 1931, 
map, pl. 1; also, Fig. 4, this paper). Not only “silts” but gravels, sands, 
mucks, and peats are also widespread. In the following pages the dif- 
ferent recognized varieties of the unconsolidated sediments of the lower 
Yukon Valley are described, their aerial and stratigraphic relations 
noted, and their origin discussed. 


GRAVELS AND OLDER SEDIMENTS 
BEDROCK GRAVEL 


The bedrock gravel is the best known of all the unconsolidated de- 
posits because of its economic importance—it is the early or Pleistocene 
auriferous gravel of interior Alaska. It rests nearly everywhere upon 
bedrock and is here called the “bedrock gravel” to distinguish it from 
other types of gravel to be described. So far as known, it is everywhere 
of local origin, consisting of the same rocks as the bedrock upon which 
it rests. In the mining districts, it occupies the bottom of mature valleys 
and is commonly overlain by “muck,” a finer sediment to be described. 
Along the Yukon the gravel is exposed in many places. Figure 2a shows 
a 15-foot layer of gravel at Tanana, where its thickness was established 
by a water well drilled about half a mile above the village. Some boulders 
in the gravel are 4 feet ,across. 

A great amount of basal gravel is exposed along the Melozitna River 
below the Canyon. Figures 3a, 3b, 3c, and 3d indicate thick deposits of 
gravel 60 to 65 miles below Kaltag, at Grayling River and at Anvik, re- 
spectively. Water wells drilled at the Anvik Mission entered the gravel 
which crops out a few miles up the Anvik River, as shown in Figure 3e. 
Basal gravel was also observed at Blackburn’s camp, in the bank west 
of Blackburn Island, opposite the head of Shageluk Slough, and other 
localities. The gravel along the Yukon below Koyukuk is throughout 
composed of small pebbles ranging in size from half an inch to 3 inches. 
Where it overlies extrusive rock the gravel is commonly heavily stained 
and partially cemented with red iron oxide. 

A pebble count at Grayling River indicated some admixture of pebbles 
from the Cretaceous sandstones whose nearest exposures are at least 
10 miles away. This distance, although the greatest observed over which 
some of the pebbles have been transporied, seems not too great to allow 
the gravels to be classified as of local origin. 

The bedrock gravel is the oldest of the Pleistocene (?) unconsolidated 
deposits. Although the muck above the gravel contains most of the 
bones of Pleistocene mammals in the mining districts, the gravel also 
contains some, and Wilkerson (1932, p. 4) says of those in the Fairbanks 
district: 
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2 ing not only the extent of the Wisconsin glaciers but also the localities 
referred to in the text. Reproduced by permission of the author from Plate I, United States Geological Survey, Professional Paper 170, 1931. 
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“Practically all of the fossil specimens from these gravels were recovered by 
the men on the dredges. The bones came from all parts of the gravels, as nearly 
as can be told. No special type of animal is found alone in these gravels—all 
the various specimens collected were represented in these gold bearing gavels.” 


A mammoth tusk was found by the writer’s party in some basal gravels 
at the Palisades, which are probably the same age as the bedrock gravels 
along the river. Because of the sedimentary and the erosional history 
that followed the formation of the gravels, they are believed to be early 
Pleistocene in age. This later history is outlined briefly under the 
heading “Late Geologic History.” 


HIGH-LEVEL GRAVEL 


Gravel occurs on several high areas of the bedrock surface and has 
generally been accorded a different age and origin than the bedrock 
gravels. One of these is on the plateau north of the Yukon Flats and 
east of the area of this report. It was first observed by Spurr (1898, 
p. 221), who writes that waterworn gravels are here widespread and 
especially abundant on the divides between Chicken Creek and Forty- 
mile Creek ? at an elevation of 600 to 700 feet above the river. Bench 
gravels and elevated old channel gravels have been described by 
Prindle and Hess (Prindle, Hess, Covert, 1908, p. 70-72), Mertie (1918, 
p. 262-267) and others in the Tanana-Yukon region. A good example 
is the “Idaho Bar (Mertie, 1934, p. 183-184),” a deposit of gravel 100 
feet thick, on the top of a ridge near Rampart. It is 1600 feet 
above sea level. Mertie and Harrington (1924, p. 47-52), following 
Maddren, desvribe gravels at elevations of 800 to 1200 feet in the Ruby 
district and also bench gravels at lower elevations. Eakin (1916, p. 55- 
57) discusses high-level gravels and broad terrace deposits of gravel up 
to elevations of 1500 feet in the Ray and Dall River basins. In the 
Kantishna region, Capps (1919, p. 67) notes terrace gravels ranging in 
elevation from 1500 to 3000 feet. Eakin (1916) in the Cosna-Nowitna 
region observes gravel and boulder deposits about the “borders of the 
basins” and huge tongues of gravel that extend out into the “silt.” There 
probably are many other high-level gravel deposits within the drainage 
area of the lower Yukon, as yet undescribed. 

The origin of the high-level gravels has been ascribed by the authors 
cited to various agents. Some of the gravels are believed to be due to 
the work of the streams that eroded the peneplain of the Central Plateau. 
Some are said to be valley-gravel remnants left as benches as the plateau 
was periodically dissected. Some were left as “silting up” of the pleateau 
lowlands occurred; some are outwash gravels of the Wisconsin glaciers; 
others are residual. As these deposits are widely separated, and, with 


2¥For this and the following areas referred to, see Fig. 4. 
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APPROXIMATE SCALE 1 MILE 


Ficure 5.—Sketch map of the Palisades on the Yukon 

About 40 miles below Tanana. Continuous section along the bluff face shows position of the 
various deposits referred to in the text. The figures on the section correspond in position to 
those on the map. 
one known exception, outside the belt of country along the lower Yukon 
to which this discussion must be restricted, the writer is unable to 
contribute to an understanding of their origin. It is important, however, 
to mention their occurrence and to point out the problem that exists in 
relating them to the unconsolidated sediments along the lower Yukon. 


PALISADES SECTION 


About 40 miles down river from Tanana the Yukon swings to the 
south across its meander belt and cuts a great scar in the tableland. A 
sketch map and a section along the scar is shown in Figure 5. Upstream 
from the fault at locality 1, a series of steeply dipping beds containing 
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several woody lignite seams is exposed. The section is described in the 
chart of Figure 6 (the lower division) and is believed to be part of the 
“coal bearing formation” of the Healy region (Capps, 1919, p. 44-51) 
about 150 miles to the southeast. Capps, in his Kantishna region report, 
suggested an Eocene age for both the coal-bearing formation and the 
Cantwell formation but in personal communication (February, 1937) he 
kindly informs the writer that Ralph W. Chaney during the summer of 
1936 found Upper Cretaceous leaves in the Cantwell formation, and, at 
the same time, Erich M. Schlaikjer collected fossil fishes from the coal- 
bearing formation on Healy Creek and believes them to be post-Eocene 
and probably Pliocene in age. Before the recognition of the age of the 
coal-bearing formation along the route of the Alaskan Railroad, Collier 
(1903, p. 43) visited the Palisades locality and regarded the coal there 
as simply “brown lignite decidedly different from the sub-bituminous 
coals of the Cretaceous” and believed it to be Pliocene or Pleistocene in 
age. 

At locality 8 (Fig. 5), downstream from the fault is a conspicuous, 
horizontal cliff-making conglomerate (Pl. 8). It contains fragments of 
the woody lignite from the coal-bearing formation’s tilted and eroded 
beds. From a distance the conglomerate appears almost white, but on 
close inspection it proves to consist of poorly cemented, coarse, light- 
gray sandstone with numerous lenses of friable granule and pebble 
conglomerate. The pebbles are chiefly white vein quartz and black 
chert, and probably came from similar conglomerate beds in the coal- 
bearing formation. It is conspicuously cross-bedded (PI. 6, fig. 2). Spurr 
(1898, p. 199, fig. 11) first noted this formation on his reconnaissance 
up the Yukon in 1897 and named it the Palisades conglomerate. The 
dark Pleistocene loams rest upon it and the coal-bearing formation 
underlies it. Its stratigraphic position suggests that it may be equivalent 
to the Nenana gravels (Capps, 1919, p. 58), but lack of fossils or con- 
tinuous exposures from one locality to the other precludes proof of this 
correlation. 

THE YUKON SILTS 
DIVISION 


The Yukon silts are divided into six groups in this report—namely, 
(1) the Palisades gravel, sand, and dark loam; (2) the delta sands at 
the Cave-off Cliffs and Anvik; (3) the Koyukuk-Anvik blue loam and 
peat in the lower Koyukuk Valley and the Yukon Valley below the 
Cave-off Cliffs; (4) the tan loam of the river bluffs and upland; (5) the 
muck of the Palisades, Cave-off Cliffs, and placer valleys of the upland; 
and (6) the “inlaid” series of the meander belt below the Cave-off Cliffs. 
The lower limit of the Yukon silts is arbitrarily defined in the Palisades 
section as the top of the Palisades conglomerate. In all other sections 
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SECTION 


DESCRIPTION 
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Tundra 
Muck 
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Dark grey loams, occasional sand 
and granule gravel lenses 


Fine grey sands 


Fine to coarse wey sond and gran- 
vie to pebble gravel 


Grey 


Featy lignite 

Brown and grey foams 

Grey gravels and sand 

Probable, d/scontormity 

Coarse light grey sandstone con- 
*oining Jenses of granule and 


ebble conglomerate. Clit, Aer 
Palisades Conglomerate 


Contorted lignite and loam 
Lignite, woody 
Somewhat compacted loam 


Lignite 
Lienite, compacted loam 


Somewhat compacted loam, partly 
covered 

Lignite, woody 

Fine sand slichtly cemented 


With beds of buff to brown sds. 
Lignite, woody 


Covered 


Lignite, woody 
fine buff to brown sandstone, 
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Fine grey sand, slightly cemented, 


contains lenses of fine grave/ 
overed 


Ficure 6.—Columnar section of the beds exposed at the Palisades 


The lower unit of beds is that shown upstream from the fault at locality 1 (Fig. 5); the middle 
unit is that shown downstream from the fault at locality 8; and the upper unit is made up of 


beds from localities 2, 3, 4, 5, 6, and 7. 
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the limits of the groups are clearly defined lithologically and will be 
pointed out when they are described. 


PETROGRAPHY 


General Statement.—The fine unconsolidated sediments were sampled 
at short intervals from Fairbanks to Holy Cross, and when 2:-dried are 
less intensely colored than the moist specimens. With the aid of the 
field notes and the megascopic comparison of the samples, 24 out of 160 
were selected for detailed analysis as fairly representative of the char- 
acteristic variations in megascopic appearance and field occurrence of 
the different exposed varieties. 

The mechanical and mineralogical analyses are arranged in the same 
groups under which they were collected and named in the field. The 
“high level loams” are those on ridge crests ranging from 200 to 900 feet 
above the river. They are the tan loams of this report. The “bluff lcams” 
are chiefly “tan loams” also. By bluff loams the writer means all loams 
collected from the high bluffs bounding the meander belt. 


Mechanical Analyses—With the aid of M. W. Senstius, mechanical 
analyses were run, according to the United States Bureau of Soils method, 
in the Soils Laboratory of the University of Michigan. The tabulated 
results appear in Table 1. They are shown graphically in Figure 7. 
Organic-content analyses were run on some of the samples by the simple 
ignition method, and the results are also included in Table 1. As calcite 
grains have appeared in some samples and as water of constitution is 
commonly present the organic-content figures are all probably somewhat 
high. The one whose original field moisture content was determined 
was a sample of frozen muck at the Palisades. Some frozen chunks of 
representative dense black muck, free from clear ice lenses and mega- 
scopic plant parts, were immediately sealed in a pint fruit jar, and, 
although melting occurred soon afterward, no water was lost and the 
moisture content was later determined. For the muck as a whole, in- 
cluding the ice and vegetable masses, the moisture content must be 
considerably higher. 


Mineralogy—From the very fine and fine sand fractions of the me- 
chanical analyses, heavy liquid residues were separated with bromoform 
having a specific gravity of 2.89 to 2.91. Permanent petrographic slides 
were made of the light and heavy fractions. W. F. Hunt carefully 
examined the slides and prepared Table 2. He believes that the petro- 
graphic determinations represent 90 per cent of the different minerals 
present in the loam samples. 


Conclusions —From the mechanical and mineralogical analyses alone 
the following facts can be summarized: 
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grains were observed. 


series. 
almost entirely of the green variety. Rarely brown basaltic hornblende 


grains are 


* Not a tan loam but belongs to the dark loam of the “ Palisades gravel, sand, and dark loam 


t The hornblende 


a Very abundant. 


grains. f Few grains. 


n Numerous 
For location of the sample numbers refer to table 1. 
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1. The loams have a limited range in grain size. They are compara- 
tively free of (a) clay and (b) sand above the very fine sand size. 

2. The different loam formations are similar in texture, as the over- 
lapping summation curves show. 

3. The loams have a rich assortment of minerals. 

4. The similar texture and rich mineral content of the loams indicate 
derivation from a wide variety of rocks, particularly: crystalline, but 
probably also sedimentary. 

5. The minerals of the loams and delta sands are fresh, but this, 
according to Hunt, is not unusual in detrital sediments. The recent 
work of Russell (R. D. Russell, 1937, p. 1437-1438) on the Mississippi 
River sands leads to the same conclusion. The feldspar grains of the 
Yukon sediments, however, are generally less kaolinized than those in 
the usual detrital sediments of temperate and tropical regions. Weather- 
ing in subarctic Alaska is chiefly mechanical. Little chemical alteration 
occurs (Mertie, 1932, p. 438). 


STRATIGRAPHY 


Palisades Gravel, Sand, and Dark Loam.—Overlying the Palisades 
conglomerate is a series of gravel, sand, and loam beds. Both the con- 
glomerate and the overlying dark loam series are terminated upstream 
by a fault, as shown in Figure 5. The gravel, sand, and dark loam beds 
continue upstream from the fault. The downstream side has been up- 
thrown, as the stratigraphy and pronounced drag indicate. The dark 
loam series downstream from the fault and the dark loam series upstream 
from the fault cannot be directly correlated by the occurrence of like 
beds in the same sequence on both sides. Hence, the beds downstream 
from the fault, which lie immediately above the Palisades conglomerate, 
must underlie those upstream, and a throw of at least 200 feet is nec- 
essary to account for the present offset. 

A mammoth tusk was dug out of a gravel lens about 100 feet from the 
top of the dark-gray loams exposed upstream from the fault, loca‘ity 6. 
This upper part of the section is, therefore, definitely Pleistocene. Down- 
stream from the fault in the lower series is a bed of peaty lignite some- 
what more advanced in rank than other Pleistocene peats that the writer 
has seen, but not as high as the lignite of the coal-bearing formation. 
This is somewhat suggestive of an early Pleistocene age. The similar 
lithology and the tusk in the upper series indicate the most probable age 
assignment of the two series to be early (or middle) Pleistocene. As 
explained under the heading “late geologic history,” the upper part of 
the gravel, sand, and dark loam series may have been eroded. 

If the Palisades conglomerate is equivalent to the Nenana gravels 
(Tertiary and post-Eocene) then a disconformity exists between the 
conglomerate and the gravel, sand, and dark loam series. The distinct 
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difference in cementation between the two formations suggests the 
possibility, but this evidence must be regarded as inconclusive in view 
of the lack of cement in some of the still older gravel and sand beds of 
the nearby coal-bearing formation. 

The loam is dark gray and in this respect differs from any other known 
loam in the lower Yukon Valley. Mechanical analyses (Table 1) show 
similarity in grain size to the other loams, and petrographic analyses 
indicate the same wide variety of minerals. 

So far as known, the gravel, sand, and loam series is restricted to the 
region above Ruby and west of the Tanana River. This may have been 
a basin of local accumulation in the early stages of alluviation of the 
Yukon Valley and will be mentioned again later. 

The structures of the loam and its sand lenses are interpreted as those 
of overloaded streams depositing on a valley flat. Plate 8, fig. 2, indicates 
the type of cross-bedding commonly observed in the Palisades loams, al- 
though it is a photograph of another locality. There are no laminations 
with any horizontal continuity, such as would form in fine sediments on 
a lake bottom. The loam is massive in its entire construction of small, 
variable, cross-bedded units. Nests of small mollusk shells are common. 
Some of these were collected and given to E. G. Berry, assistant in the 
Museum of Zoology of the University of Michigan, for identification. 
There were two gastropods, Succinea obliqua sp. and Lymanaca sp., and 
one bivalve, Sphaertum sp. The snail Succinea obliqua is, by far, the 
most abundant and is a marsh form and pulmonate. The snails and 
pelecypods are such long-lived forms as to be of no value in age deter- 
mination. According to Berry, the plain of an aggrading stream with 
many low and ephemeral islands, even though subjected to sub-freezing 
temperatures for six or nine months of the year, would be a favorable 
habitat for such snails. After death of the snails their light and fragile 
tests concentrated in small eddies along the river banks. Such nests are 
common today for land snails under like conditions. The evidence of 
the snails, therefore, lends support to that of the sedimentary structures; 
namely, that the loam of the Palisades was deposited on a valley plain 
by aggrading streams. 


Delta Sands—Two sand deposits of considerable magnitude were 
studied on the lower Yukon, one at the junction of the Koyukuk and the 
Yukon valleys—viz., the Cave-off Cliffs, 8 miles below Louden—and 
the other above the incipient cut-off of the Anvik River at the Yukon. 
Their location from a regional point of view is shown in Figure 1. 

The Cave-off Cliffs are illustrated in the diagram of Figure 8. They 
consist of frozen evenly bedded sand with a few regular, water-laid, cross- 
bedded units (Pl. 7, fig. 1). The dissected top surface is undoubtedly 
an erosional one and probably is part of the tableland. 
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The Anvik sand deposit is shown in Figure 3d. Exposed cross-bedded 
units are larger here than in the Cave-off Cliffs’ deposit. A crumpled 
mass of inclined beds is interpreted as a subaqueous slumped portion 
of the forest beds of a delta. The beds below are undisturbed, and the 
beds above reflect in “buried hill” fashion the crumpled mass. 


Ficure 8.—Cave-of Cliffs 


About 8 miles below Louden on the Yukon River. Formation 1 is peat and loam, part of the 
“inlaid series”; formation 2 is a delta sand deposit of greater age than either 1 or 3; formation 3 
is a “muck’’ deposit resting unconformably on the delta sand. 

e 


Mechanical analyses of the sand of these two deposits (see section on 
petrography and Table 1) show it to be fairly well sorted and clean, of 
fine material; the larger grains are well-rounded, the smaller subangular, 
and all remarkably little altered. 

The relation of the delta deposits to the dark loam series and to other 
sediments to be described will be discussed in the summary section “late 
geologic history.” 


Koyukuk-Anvik Blue Loam and Peat.—An easily recognized and dis- 
tinct type of loam occurs in the lower Koyukuk Valley, at least as far 
up as Kateel River (90 miles) and also down the Yukon Valley from 
the Koyukuk through the Kaiyuh Slough and the Shageluk Slough to 
Anvik and beyond. Harrington, (1918, p. 37-39) notes a blue-gray “silt” 
at Andreafski, more than 200 miles farther down the river from Anvik. 

The upper limit of the blue loam is nowhere more than 20 feet above 
the river surface, generally not more than 3 or 4 feet (Fig. 2 ¢ and d) 
and in many places is not visible at all. Its lower limit was observed 
only on the Anvik River, where it rests on the bedrock gravel. A lon- 
gitudinal section up the Anvik is shown in Figure 3e. Channel shifting 
of the Yukon has probably removed it entirely from many areas in the 
meander belt. 

Its blue color and its plasticity are distinctive. It was called a clay 
in the field, but mechanical analyses from representative samples (Table 
1) after complete dispersion with NH,OH show it to be a loam like that 
of the Palisades and like the tan loam and dark “muck.” There may 
be, however, some true clay beds within it that were not represented in 
the three analyses. In the Koyukuk Valley above Kateel River, some 
yellow and orange-yellow beds of sand in the blue loam (Figure 2d) are 
believed to be wedges of local sediment, washed from the adjacent bed- 
rock hills into the accumulating blue loam. 
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The blue loam has indistinct but thin layers or laminae of considerable 
extent and does not exhibit the cross-bedding characteristic of the Pali- 
sades loam and the Grayling River “boneyard”® loam. It is believed to 
have been deposited in a shallow lake or estuary of the Yukon, Koyukuk, 
Anvik, and perhaps other river valley bottoms below Ruby in the early 
stages of alluviation. It is interesting that the Cave-off Cliffs delta and 
the Anvik delta are both built at the mouths of prominent tributary 
valleys in which the blue loam is conspicuously developed (Fig. 1). The 
blue loam and the delta sands are found at the same elevation, and the 
blue loam lies downstream from the delta sands. This relationship sug- 
gests contemporaneous origin in the same body of water. 

The problem of the cause of plasticity is beset with certain difficulties. 
As the blue loam, judged by the mechanical analyses, is not a true clay 
and differs from the other loams in being plastic, the deflocculating effect 
of either Na+ or H+ ions is suggested. According to Senstius,* of the 
University of Michigan, either Na+ or Ca++ clays would be expected, 
because thaw-water, even in an arctic region, would dissolve some Cat + 
and proceed to change any original Nat clay to Ca++ clay by base 
exchange and not to H+ clay. If, then, the original nature of the blue 
loam was sodic, it may have been deposited in brackish water, the result 
of an estuarine incursion up the lower Yukon Valley in an early stage 
of alluviation. Laboratory work to determine the ion responsible for 
the plasticity is discouraged because of the probability of a secondary 
base exchange that may have occurred by the washing of the exposed 
blue loam by the abundant humic derivatives in the waters of the Koy- 
ukuk, where the most representative sample was taken. The original 
nature of the clays would, therefore, not be determined. It may be con- 
cluded that the plasticity of the blue loam harmonizes with an estuarine 
origin but is by no means a proof. 

The blue loam is overlain by a peat bed in the Koyukuk section. Its 
position is illustrated in Figures 2, ¢ and d, and because of its occurrence 
between the tan loam and the blue loam, it must be slightly younger but 
may be considered a part of the blue loam formation. In other places, 
a peat bed which is definitely much younger and is not part of the blue 
loam overlies it also (Fig. 3 d and c). In most places, it is difficult to 
distinguish the two peats in the field and, according to Arnold,' differen- 
tiation on the basis of plant identifications from the peat may not be 
possible. The much-younger peats are part of the “inlaid series,” to be 
described presently. The peat of the blue loam formation extensively 
developed in the Koyukuk Valley probably indicates a rather extensive 


%“Boneyard” is the native term for cut banks in material containing Pleistocene mammal bones. 

4 Oral communication. 

5 The various peat samples collected by the writer were submitted to Professor C. A. Arnold, 
of the University of Michigan, for examination. 
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swamp, following the lake or estuarine stage of blue loam deposition. 
The lenses of loam in the peat may indicate a transition from open water 
to swamp sedimentation. 


Tan Loam.—A loam of uniformly tan color and fairly uniform me- 
chanical and mineralogical composition® is the most widespread and vo- 
luminous unconsolidated deposit in the lower Yukon drainage basin. It 
rests on the bedrock gravel, on the delta sands, and on the Koyukuk- 
Anvik blue loam and peat. Its relationships to these deposits is shown 
in Figures 2a, c, d, 3 a and b. 


Zon foam 


Cretaceous sax ¥sh. 
a. /Mile above Aoyvkuk Station b./ Mile above Nvlato 


Ficure 9—Sections at Koyukuk Station and Nulato 
Showing veneer of tan loam at variable elevations above the Yukon. 


It occurs in many of the high bluffs along the river, resting both on 
gravel and on bedrock (Fig. 2 b, c, 3 a and b), up the crests of sloping 
ridges (Fig. 3c) and as veneers, some of considerable thickness, on the 
crests of level-topped ridges (Fig. 9 a and b). In most places away from 
the cut banks, and particularly on the ridges, the tan loam is covered 
by a layer of forest litter or, above timber line and on open slopes in the 
timber, by tundra, and is so effectively concealed that its presence is 
easily overlooked. The writer used a soil auger to sample through the 
tundra and forest litter, and found this a convenient and quick means 
of obtaining not only a fresh sample, but a soil profile in the loam as 
well. More than a thousand holes were drilled during the summer, most 
of them for the one purpose of determining distribution. All sampled 
ridges of the upland topography, having medium, low or imperceptible 
slope, were mantled with tan loam. The ridges veneered with tan loam ex- 
tended from the river-cut banks to 900 feet above the river surface. 

Many geologists working in the Yukon Valley have observed the tan 
loam. Dall, Russell, and Spurr, in publications previously cited, report 
extensive “silts” along the banks of the lower Yukon, some of which may 
have been the tan loam variety. Mendenhall (1898, pt. 7, p. 315-329) 
found voluminous “silt” deposits north of the Alaska Range, and from 


® See section on analyses. 
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his descriptions a great part appears strikingly similar to the tan loam 
in question. Gilmore (1908, p. 11, 21) noted 60- to 80-foot biuffs of “fine 
light colored silts” about 60 miles up Yuko Creek. The writer did not 
see these exposures but believes they may be tan loam, also. Gilmore 
also mentions silts at the Grayling River “boneyard,” which are chiefly 
tan loam and are pictured in Figure 3b. Other writers have recognized 
“silts” in the headward drainage of the larger tributaries to the lower 
Yukon and especially in the upper Yukon and Tanana regions. 

Geologists working in mining districts adjacent to the lower Yukon 
report more definitely the tan loam occurrences. Maddren (1910, p. 57-58) 
describes banks, 20 to 150 feet high, in the lower Innoko, composed of 
“silts” and farther to the south, on the Kuskokwim, 20 miles above the 
Takotna, finds 100- to 150-foot bluffs of “fine yellow silt” horizontally 
bedded, with local cross-bedding. Eakin (1914, p. 26), of the Ruby- 
Iditarod regions says: 

“Silts form a large part of the valley filling of the streams, especially near the 
Yukon, and may also constitute part of the upland mantle throughout the district.” 

Samples taken by the writer, on the ridge crests at Ruby and along 
the road to the south, are all tan loam, and he believes that much of the 
upland mantle of which Maddren speaks, as well as that of Mertie and 
Harrington (1924, p. 47-49), is the same material. Mertie and Harring- 
ton found “silt” on ridge crests and terraces up to 1100 feet above sea 
level. Eakin (1916, p. 59) describes many high-level silt deposits in the 
Koyukuk-Yukon area occurring from the river up to 1200 feet above sea 
level. He says also that the Melozitna has “silt” terraces to the rim of 
the canyon at the Yukon and that “silt” and gravel plains are found in 
the Kanuti, Mentanontli-Indian River. and in the Tozitna basins. 

In the Tolovana district, Mertie (1918) finds that “the silts form a 
general covering over the older fluviatile deposits, filling the valleys and 
mantling the lower spurs and interstream divides.” In this reference, 
Mertie observed them up to an elevation of, 1200 feet, but in a personal 
communication (February, 1937) he says that they are probably present 
at higher elevations. In the Innoko and Iditarod areas he has not recog- 
nized the high-level silts. 

Tan loams are exposed in many cuts along the steese Highway, 4 to 10 
miles out of Fairbanks, a sample of which was collected at an elevation 
of about 800 feet above sea level. According to Dorsch, of the University 
of Alaska, the tan loam occurs in the Fairbanks district up to 1200 feet 
above sea level. 

‘In the Cosna-Nowitna region, Eakin (1917, p. 43-44) finds extensive 
“silt” plains up to an elevation of 1200 feet. The silt is “fine, light-colored, 
incoherent, slightly worn detrital material, chiefly quartz but including 
considerable mica and femic minerals,” a good description of the tan loam 
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Ficure 1. Fish Lake LowLanp 
Northeast of Harper’s Bend (text Fig. 4). 


Ficure 2. View UPSTREAM NEAR THE MOUTH 


TANANA RIVER LOWLAND 
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Figure 1. View (SOUTHEAST) FROM A POINT JUST SOUTH OF THE PALISADES ESCARPMENT 
A few bedrock hills rise above the tableland in the distance. 


Figure 2. PALISADES CONGLOMERATE 
Showing the large cross-bedded units. The exposed section is about 60 feet thick. 


YUKON TABLELAND AND PALISADES CONGLOMERATE 
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under discussion. In the Anvik-Andreafski region, Harrington (1918, 
p. 36-38) observes “silt” and gravel on terraces 600 feet above sea level 
and believes such deposits to be widespread over the region. The writer 
collected tan loam in this area from the tops of the hills back of Holy 
Cross, at an elevation of about 600 feet above sea level. 

At Grayling River, about 25 miles above Anvik, tan loam was sampled 
by auger at regular intervals up a ridge crest, to an elevation of 910 feet 
above the river or about 1150 feet above sea level (Fig. 3c). 

In view of the many reported occurrences of “silt’”’ corresponding to 
tan loam, together with the writer’s observations, it may be concluded that 
the loam is widespread over almost the entire lower Yukon Valley region, 
in parts of the upper Yukon, and as far as known in all of the lower 
Tanana drainage area, as well as to the north toward the Brooks Range, 
along the Ray, Dall, Melozitna, Tozitna, and Koyukuk rivers. It overlies 
the bedrock, bedrock gravel, delta sands, and Koyukuk-Anvik blue loam, 
ranges in vertical extent from the river to 1200 feet above sea level and 
perhaps higher, and in the higher elevations rests as veneers on terraces 
and the crests of ridges. 

The tan loam must not be confused with mantles of residual material 
produced by the processes of arctic weathering. Such deposits have fre- 
quently been described and are easily distinguished from the tan loam. 
(1) They contain much coarse angular debris, whereas the loam is uni- 
formly fine. (2) They consist of the same rock as that which they overlie. 
The tan loam has practically the same mineralogical composition’ regard- 
less of the bedrock or gravel upon which it rests. (3) The residual mate- 
rial is generally in slow transport down the hillslope, forming various ter- 
raced effects. The tan loam was not observed by the writer to respond 
to frost pry or heave and forms a rather stable mantle without creep 
terraces. (4) Residual debris may become admixed with considerable 
vegetable material and assume various colors. The tan loam below the 
zone of roots has a uniformly small organic content® and is characteris- 
tically some shade of tan. The origin of the tan loam wil! be considered 
later under a separate heading. 


Muck.—The term muck has been defined by several writers in reports 
on the alluvium in the placer-gold districts. It has generally been asso- 
ciated with the smaller valleys of the upland or with bedrock topography. 
Prindle and Katz (1909, p. 189-191) recognize it as “all the fine material 
overlying the main body of gravel, with a thickness up to 100 feet, and 
it includes not only material derived from the decomposition of vegeta- 
tion, but also clay and sand that occur either intimately mixed with the 
organic matter or in beds and lenticular masses. There are also inter- 


See petrographic analysis. 
® See mechanical analyses. 
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calated beds of ice up to 40 feet in thickness.” In a table, they show 
that the muck ranges in thickness from 3 to 164 feet, overlies gravel from 
10 to 160 feet thick, and the bedrock valley floors on which the gravel and 
muck occur range in width from 300 to 4000 feet. Wilkerson (1932, p. 4) 
defines muck as “the frozen muds, but (the term) is sometimes used 
locally to designate any or all parts of the frozen materials over the gold- 
gravels.” 

A deposit exposed at two places on the Yukon bluffs—one at the Palli- 
sades and one at the Cave-off Cliffs—resembles the muck of the placer 
mines. Samples were taken from these two localities, as well as from 
Tofty and Fairbanks, in typical placer-mine muck deposits and were 
analyzed mechanically and petrographically. The results are contained 
in Tables 1 and 2. All four samples are similar, and, therefore, the con- 
notation “muck” for the deposits of the Palisades and Cave-off Cliffs seems 
permissible. The following characteristics of muck deposits may be listed; 
they are those used in this paper to distinguish muck from the other fine 
deposits of the lower Yukon: 


1. A characteristic fetid odor. 

2. Ice lenses, dikes, and plugs. 

3. Lenses of driftwood, peat, beaver dams, and a few tree trunks and 
roots in place. 

4. Most of the clastic material is loam or silt loam with a moisture con- 
tent of 50 per cent or more and an organic content of 6 to 11 per cent 
on a moisture-free basis. A few lenses of sand and fine gravel are 
found in the loam. 

5. The loam is black to dark gray. 

6. The material is the richest depository of Pleistocene mammal bones 
in Alaska. It may also contain, according to personal communica- 
tion from Mertie, fresh-water shells, diatoms, and plant remains, 
most of which have been determined as Pleistocene or Recent. 

No other lower Yukon alluvial type has the peculiar odor, the ice lenses, 
or the high organic content. Only one other, the dark loam of the Pali- 
sades gravel, sand, and dark loam series, has the dark color. The clastic 
mineral content is much the same as the tan loam and other “silts.” The 
drift-wood accumulations in the Palisades and Cave-off Cliffs muck ap- 
pear distinctive and would not generally be confused with the peats of 
other loam formations. This definition is more restricted than that gen- 
erally used, but the muck is believed to represent a distinct unit strati- 
graphically and genetically. 

The origin of the mucks of interior Alaska is a complicated problem and 
beyond the scope of this paper. Those of the Palisades and Cave-off Cliffs, 
however, must be placed stratigraphically and related to the physiography 
in order to help complete the geological history of the lower Yukon region. 
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Figures 5 and 6 and Plate 8, figure 1, illustrate the stratigraphic posi- 
tion of the Palisades muck. It fills channel-like depressions, has the char- 
acteristics noted in the foregoing definition, and rests unconformably upon 
the Palisades gravel, sand, and dark loam series. It is believed to be a 
channel-fill deposit formed at the time the tableland was eroded. Evi- 
dently the faulting shown in Figure 5 occurred soon after the channel 
deposits formed. The scarps then receded considerably, and rejuvenation 
followed, resulting in downward cutting to the present Yukon level. 

Figure 6 and Plate 8, figure 2, show the muck of the Cave-off Cliffs 
resting unconformably as a channel-fill deposit upon the sand. It has the 
same characteristics and bears the same relationship to the tableland as 
does the Palisades muck and is correlated with it. 

A tundra blanket, 2 to 4 feet thick, has developed over the Palisades 
and Cave-off Cliffs muck. The tundra is not transitional into the muck, 
and, hence, it is believed that little has been added to these mucks since 
the erosion of the tableland.® 

Many of the gentle valleys of the bedrock topography bordering the 
lower Yukon probably contain deposits of muck similar to the Tofty and 
Fairbanks districts, which are similar to the Palisades and Cave-off Cliffs 
muck. The stratigraphic position and age of part of the upland muck,’° 
therefore, is suggested by the stratigraphy at the Palisades and the Cave- 
off Cliffs. The time that elapsed between the deposition of the Palisades 
and Cave-off Cliffs muck and that of the bedrock gravel may be equivalent 
to most of the Pleistocene epoch (see summary heading “The late geologic 
history”). An unconformity of this value may, therefore, exist between 
the upland muck and the bedrock gravel. The Palisades and Cave-off 
Cliffs muck ceased to form before the erosion of the present meander 
belt, which is incised about 250 feet in the tableland. The formation of 
the muck at these localities is, therefore, limited to a short period of time 
near the close of the Wisconsin stage and the beinning of the Recent epoch, 
and, as some of the upland muck is covered by a tundra blanket not transi- 
tional into the muck, it, too, may have formed during such a restricted 
time. 


“Inlaid” Series —The most recent unconsolidated deposit is one found 
below the Cave-off Cliffs, within the Yukon meander belt, and as far 
down as Holy Cross. It may extend farther up the Yukon than Ruby, 
but its recognition was not definite until work had proceeded to the Cave- 
off Cliffs. Here, a peat and loam deposit at the water’s edge (Fig. 8) does 
not grade into, or underlie, the delta sands and, therefore, must be younger. 


® Taber (1936) has emphasized the theory of ice growth after deposition of the mucks. 

10 Some muck in the upland covers Recent stream gravels and is believed to be forming at the 
present time (personal communication from J. B. Mertie, Jr.). The discussion does not pertain 
to these Recent deposits. 
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It is “inlaid” in the meander belt. This relationship is also seen at the 
cut-off at Anvik (Fig. 3d), where a shore line of a shallow lake is dis- 
cernible in the sediments. The delta sand (3) makes up the shallow lake 
bluff. This sand with some other finer sediment (5) was washed down 
into the swampy shore vegetation that accumulated to form a local peat 
bed (6). Farther away from shore, in open water, silt accumulated to 
form a dark tan loam (7). The peat bed may be traced up the Anvik 
River for at least 10 miles to a place where it overlies disconformably 
the Koyukuk-Anvik blue loam instead of the delta sand (Fig. 3e). 

The continuous peat bed is, perhaps, the best indicator of the “inlaid” 
series. The dark tan loam is so much like that of the present-day river 
deposits that confusion results in attempting to recognize and distinguish 
the two. Discontinuous peat accumulations in many abandoned chan- 
nels of the present river are exposed along the cut banks of the Yukon 
and, except for their continuous lenticular character are difficult to dis- 
tinguish from the “inlaid” series peat. 

The “inlaid” series peat may be traced extensively along the Kaiyuh 
and Shageluk sloughs and up the Anvik and Koyukuk rivers. Along the 
Shageluk Slough it appears at the water surface, then rises gently, expos- 
ing the blue loam below, dips down gently below the water, and then rises 
again, all this within a distance of about 5 miles. The gentle roll in the 
peat bed indicates definitely that it was not deposited by the present 
phase of activity of the Yukon, because it does not conform to the present 
slough surface nor the gradient. The deformation may possibly be ex- 
plained by differential compaction of underlying unconsolidated material, 
possibly several hundred feet thick. 

The lakes and marshes of the “inlaid” series must have been fresh and 
very shallow, allowing extensive peat-forming vegetation to grow. A 
slight depression of the lower Yukon probably caused the swampy and 
shallow lake condition. The depressed area is so large that regional 
warping must be postulated. 


ORIGIN OF THE TAN LOAM 


Introduction—From the mineral and textural descriptions of the tan 
loam, and the discussion of its horizontal and vertical distribution, it is 
evident that there must have existed some agent, or agents, of transporta- 
tion, capable of selectively gathering the very fine sand and silt in great 
amounts from a vast area, thoroughly mixing them, and later depositing 
them as a sediment of uniform texture and composition over most of the 
Yukon Valley. Capps has observed the power of the wind to move large 
amounts of fine material on the present Alaskan glacial outwash plains, 
and he suggested to the writer that this activity may be a clue to the 
origin of the high-level loam. With the far more extensive development 
of outwash plains during the Pleistocene, this process of wind and river 
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Ficure 1. DELTA SAND OF THE CAVE-OFF CLIFFS 
Eight miles below Louden. 


Figure 2. Tan Loam aT THE GRAYLING RIVER “BONEYARD” 


CROSS BEDDING OF DELTA SAND AND TAN LOAM 
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Ficure 1, MucK UNCONFORMABLY OVERLYING THE GRAVEL, SAND, AND LOAM SERIES OF THE 
PALISADES 


Ficure 2. MuCK UNCONFORMABLY OVERLYING THE DELTA SAND OF THE CAVE-OFF CLIFFS 


CHANNELS FILLED WITH MUCK DEPOSITS 
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distribution would have been proportionately greater. Such conditions 
might, have led to wind-borne deposits of tan loam on’ the uplands as 
veneers of varying thickness and a great amount of river-deposited loam 
in the valley bottoms. This theory appears deserving of close examina- 
tion and the following brief discussion will center around it. 


Comparison with Mississippi Valley Loess.—Certain physical features 
of the tan loam are revealed by a comparison of it with Mississippi Valley 
loess. Several similarities and some slight dissimilarities appear. Twen- 
hofel (1926, p. 209) states that unweathered loess is light yellow. The tan 
loam is similar. In mineralogical composition, loess shows an assortment 
of minerals—as many as ten in one sample—but the tan loam shows twice 
this number in one sample. This fact is particularly significant of rocks 
of wide mineralogical variation in the region, from whose weathered prod- 
ucts the loam was derived, and of the limited amount of chemical decay 
of the rock minerals in Alaska. 

The organic content of both the tan loam and the Mississippi Valley 
loess is small.1t This does not necessarily indicate a similar origin. If 
the loam settled from the atmosphere, in a forest upon the forest litter, 
or upon a tundra surface, it is probable that much organic matter would 
have become admixed with the loam or loess thus formed, in view of the 
slowness and ineffectiveness of chemical decay in an arctic climate. It 
appears also that, as soon as burial to more than 3 or 4 feet occurred (in 
many places, 3 or 4 inches beneath an insulating tundra), permanent 
freezing would have set in, and the plant matter would have been pro- 
tected from further decay and removal by circulating water. If the 
wind-blown loam had settled on barren hills, however, it would have a 
low organic content. 

Mechanical analyses show the particles of the tan loam to have about 
the same size range but to average somewhat coarser than those of loess 
(Table 3). W. W. Rubey,?? of the United States Geological Survey, has 
found that such small differences in mechanical analyses do not constitute 
reliable criteria for determination of wind-blown or water-laid origin of 
loess and silt in Illinois, and believes sedimentary structures to be much 
more significant. 


Sedimentary Structures Sedimentary structures in the tan loam are 
well displayed along the cut banks of the river, up to heights of 100 feet, 
but are meager at greater elevations. A typical exposure of the sedi- 
mentary structures may be seen in the Grayling River “bone-yard,” below. 
the mouth of Grayling River, where stratified, tan, sandy loam forms 
the bulk of the section, from the gravels at the river edge to the top, 100 


11See mechanical analyses of “high level” and “buff loams’’; also, Twenhofel (1926, p. 210, 


tables 23). 
12 Oral communication. 
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feet above. The laminations range from 1 millimeter in thickness to 4 
inches. They are generally light and dark tan, the light being the coarser. 
Thin layers of blue clay (?) with a wavy iron-rust band at the top are 
common. Counts were made of the thicknesses of the units and an average 
of 38 in 4 feet was established. Cross-bedding is not angular and bold, 
but still is distinct throughout the mass (Pl. 7, fig. 2). There is no con- 
tinuity of the beds or laminations over horizontal distances greater than 


Taste 3—Mechanical analysis comparison of Mississippi Valley loess and the Yukon 
Valley tan loam 


Coarse Medium Fine Very Fine Silt 0.05- Clay 
Sand 1.0- | Sand 0.5- | Sand 0.25-| Sand 0.10- 0 005 0.005- 
y mm 
0.6mm | 0.25mm | 0.10mm | 0.05 mm (Per cent) 0.00 mm 
(Per cent) | (Per cent) | (Per cent) | (Per cent) (Per cent) 
1. Loess from 
Nebraska 0.20 0.40 1.7 26.7 59.7 11.3 
2. Loess from 
Illinois 0.50 1.03 0.76 7.07 69.76 19.98 
3. High-level 
tan loams 
of the lower 
Yukon Val- 
ley 0.29 0.59 1.44 43.42 47.86 5.70 


1. Mechanica! analyses of loess from Nebraska [F. J. Alway and C. O. Rost: The loess soils of the 
Nebraska portion of the transition zone, Soil Sci., Rutgers College, vol. 1, no. 5 (1916) p. 407]. Aver- 
age of 36 samples. 

2. Average of seven “upland loess’”’ samples, three pervious and 4 poorly pervious [Frank Leverett: 
The Illinois glacial lobe, U. S. Geol. Survey, Mon. 38 (1899) p. 159-63]. Percentages have been re- 
calculated to a dry weight basis to conform to other figures. 

3. Average of eight “high level” tan loams from the lower ee Valley. See mechanical analyses 
of Yukon loams in this paper, Table 1. 


25 feet, and rarely do they persist as much as 10 feet. The tan loam here 
could not have been deposited on the bottom of a quiet lake or protected 
embayment but may be a river deposit either on a flood plain or in a delta. 

The only evidence of stratification of the high-level tan loams, on the 
other hand, comes from inconspicuous light and dark layering in the 
material brought up by the auger. Few exposures were seen, and in none 
of these could laminations be discerned. A character of critical impor- 
tance is, therefore, indefinitely known. The tan “silt” that Capps '* ob- 
served in the stripping operations in Ester Creek lacked all horizontal 
laminations except faint bedding lines approximately conformable to the 
valley slopes. These observations appear to harmonize with the descrip- 
tions of typical loess (Twenhofel, 1926, p. 209). 


18 Personal communication. Field work, summer 1936. 
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Upper Limit of the Tan Loam.—Many writers have observed the tan 
loam in the lower Yukon Valley at elevations up to 1100 and 1200 feet 
A.T., or about 900 feet above the Yukon River (see section on stratig- 
raphy) Bedrock hills, ranging in elevation from 100 to 600 feet above 
the Yukon, occupy large parts of the lower Yukon terrane, and in these 
areas the upper limit of the tan loam is necessarily limited to correspond- 
ing elevations. This should not preclude the thought that in such areas 
there existed agencies capable of tan loam deposition to higher elevations. 
In spite of the several reported occurrences of tan loam up to elevations 
of about 1200 feet, this figure is not well established, and neither Mertie 
nor Capps** feels that the evidence now at hand justifies the concept 
of a definite 1200-foot upper limit. Capps believes that the upper limit 
is vague and variable, and suspects that the tan loam occurs in places 
above the 1200-foot mark. Perhaps in other areas the upper limit is below 
1200 feet, as Mertie finds in the Innoko and Iditarod mining region. 

If the tan loam is a loess deposit, it should have no uniform upper 
limit except inasmuch as some destructional process or catching agent, 
limited to a certain elevation, controlled its accumulation. The upper 
limit of the tan loam might possibly be correlated with timber line 
or with the upper limit of tundra growth above timber line, because 
these forms of vegetation could have served to catch and retain the 
loam. The upper limit of heavy moss growth is irregular and is deter- 
mined by talus cones, unstable frost heave debris, and the snow line. 
If loess settled on the snow or unstable debris, it would not have remained 
permanently. If the upper limit of tan loam proves to be as irregular 
as the tundra or timber line, strong support would be given the theory . 
of eolian origin. 

Buried forest or tundra growths are apparently absent from the loam, 
where seen by the writer, but good exposures of the tan loam are ex- 
tremely rare. Capps’ writes of tundra layers from top to bottom of a 
100-foct cross-section of “dark” loam on Goldstream, the dark loam 
resembling the tan loam closely. He believes the sediment is loess. 

If a fluvial origin for the high-level tan loams be postulated, then the 
great Yukon Valley, in whole or sectionally, must have been filled with 
alluvium to the upper limit of the recognized tan-loam occurrence. Sub- 
sequent extensive erosion must also be postulated, all this in Pleistocene 
or in part of Pleistocene time. Inasmuch as the loam has been found in 
many places up to elevations of 1200 feet above sea level, a great amount 
of alluvium would be necessary for this filling, even if allowance be made 
for local exceptions. Not only the area of this report but a vast territory 
in the upper Yukon, Tanana, and Kuskokwim rivers would be affected. 
The theory would be unwarranted at the present time. There should 


14 Personal communication. 
15 Personal communication. 
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also be found extensive high-level, flat-surfaced, alluvial deposits not 
yet eroded away and the upper limit of tan loam should be uniform, at 
least, locally. The river terraces, as well as coastal terraces formed dur- 
ing subsidence of the region and later elevation, are either not present 
or only locally indistinct and questionable as far as the tan loam is 
concerned and as far as geological field work has proceeded. 


Evidence from Stream Superposition—Several streams in the Yukon 
Valley have been described as trenched through bedrock ridges bounded 
on either side by alluvium. Other anomalous features, such as barbed 
or “back hand” drainage and reversed gradients, have been interpreted 
as the result of superposition and antecedency (Eakin, 1917, p. 49; 1916, 
p. 17, 70; Capps, 1919, p. 58; Mertie, 1918, p. 226-254). Superposition 
implies alluviation, at least, to the level of passes in drainage divides, and, 
as analysed in some of the reports just referred to, would have occurred 
at 1200 feet, but Mertie suggests that differential warping, with insignifi- 
cant alluviation, might have been adequate to cause some of the drainage 
anomalies. The earlier views of superposition supported the fluvial 
theory, but the present status of the problem of anomalous drainage 
features is not very helpful, except in a precautionary way, in the solution 
of the origin of the high-level tan loam. 

Conclusions —Evidence at hand suggests that the tan loam and very 
fine sand of the Yukon River bluffs above and below Grayling River is 
the deposit of aggrading streams. The cross-laminated structure, and 
the lenses of local gravel and sand are diagnostic. The tan sandy loam 
in the river bluffs at Kaltag, and the tan loam of Ruby Slough, Melozi 
. Station to Louden, and up the Koyukuk at least 90 miles, are also be- 
lieved to be stream deposits. Cross-lamination in these exposures was 
not distinct but was suggestive. The texture and mineral composition 
are similar. All these deposits cropping out in river bluffs are low-lying, 
and none of them reaches an elevation of more than 150 feet above the 
river. They formerly extended to higher elevations as their upper surface 
immediately back of the river bluff is an erosional one. 

The several river-bluff outcrops of the tan loam, from Ruby to Anvik, 
all suggestive of river deposition, may signify a continuous silt formation 
through that area at a low elevation, but, because of insufficient ex- 
posures, such a conclusion may prove to have exceptions. ** 

An eolian origin for the tan loam at elevations considerably above the 
river bluffs appears to be the most plausible explanation but is only ten- 
tatively proposed pending the assembly of further field data. 


186A theory of “lake origin by glacial daming’’ was proposed by Eakin (1916, p. 67-70) but, 
according to Mertie in oral communication, work in the glaciated areas of the Yukon drainage 
basin, since Eakin’s theory appeared, has removed the possibility of the several postulated glacial 
dams. Subsequent work has also fairly well established the fact that lake beaches at the eleva- 
tions required by Eakin do not exist. The chief value of the theory appears to be the stimulation 
it has given to discussion and field observation. 
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LATE GEOLOGIC HISTORY 


It is possible to record only a few incidents in the late geologic history 
of the lower Yukon Valley, from the observations and interpretations 
made in the preceding pages. The incidents are not all related and are 
proposed merely as occasional glimpses of the immediate past. 

At the Palisades the oldest recognized, unconsolidated rocks of the 
lower Yukon are exposed. The coal-bearing formation (Eocene (?) or 
Pliocene (?) ) indicates the existence in this area of local lakes in which 
some of the sediments were laid down, but, for the most part, fluvial 
deposition of loam, sand, and gravel accompanied extensive peat ac- 
cumulation. 


Low 


1000 


LEVEL IN FEET 


APPROXIMATE ELEVATION ABOVE SEA 
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Fiaure 10. Jdealized sections of topographic features and Quaternary sediments 
of lower Yukon Valley 


They are correlated by matching according to elevation. Each column is a cross-section inland 
from the bluffs of the Yukon River, with the vertical scale exaggerated. Square upper termina- 
tion indicates continuation at the locality of the column higher than shown. Rounded termination 
indicates absolute upper limit. 


The coal-bearing formation was then folded or tilted and considerably 
eroded. Material derived in part or wholly from the coal-bearing for- 
mation in a nearby area was deposited over its eroded edges at the 
Palisades, as a cross-bedded formation of coarse sand and granule gravel. 
This is known as the Palisades conglomerate. During the deposition of 
the conglomerate, erosion of the upland of the Palisades area, and pre- 
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sumably of the entire lower Yukon region, continued and probably left 
it in a late mature state, with the main valleys several miles broad and 
some hills 3000 to 4000 feet above the valley bottoms. It is not possible 
to determine the interval of time that elapsed between the deposition 
of the coal-bearing series and the Palisades conglomerate, because the 
age of the conglomerate has not yet been established. 

If a disconformity exists between the Palisades conglomerate and the 
overlying Pleistocene deposits, then the conglomerate is probably equiva- 
lent in age to the Nenana gravel; an episode of uplift, without visible 
tilting, subjected the conglomerate to erosion, and part of it was removed. 
If the conglomerate proves to be younger than the Nenana gravel and 
is simply a basal phase of the Pleistocene deposits, then it was probably 
not uplifted and eroded. The writer favors the Nenana age of the con- 
glomerate because a time of dissection of the mature upland is needed 
in the explanation, and this event fits satisfactorily into a history in- 
cluding a post-Palisades conglomerate uplift and erosion. The dissection 
of the broad, mature, bedrock surface left an upland not unlike that of 
today. There were many flat-topped ridges and spurs and series of 
parallel ridges gently sloping from higher hills and mountains. The relief 
was somewhat greater and the remnants of the mature surface fresher. 
With several exceptions the drainage of the exposed bedrock surface is 
believed to have existed then as it does today. 

The events here generalized occurred during the Tertiary period and 
prepared the setting for the Quaternary. To facilitate the presentation of 
the Quaternary history, a chart has been prepared (Fig. 10) showing the 
stratigraphy and physiography in selected ideal columns, correlated by 
elevation. The bedrock gravels and the Palisades gravel, sand, and dark 
gray loam series are the oldest of the exposed Pleistocene (?) deposits. 
For some reason, considerable stream gravel in transit in the upland 
tributaries, and even along the main rivers, ceased to move farther and 
was buried by subsequent finer stream deposits. Tongues of gravel in the 
finer sediments marginal to bedrock hills indicate continued gravel ac- 
cumulation. The bedrock gravels are the chief source of placer gold in 
interior Alaska. The Palisades series of gravel, sand, and dark loam beds, 
all probably of fluvial origin, are at least 600 feet thick in the deepest part 
of the basin. If reference to the bedrock surface and correlation by eleva- 
tion is significant, the bedrock gravels and the dark loam series are about 
the same age. 

A body of water formed in the broad Yukon Valley below Ruby some- 
time after the basal gravels accumulated, and extended up the larger 
tributaries, particularly the Koyukuk. It may have been brackish and 
hence an estuary from Bering Sea. In it, two deltas are known to have 
been built, one at the Cave-off Cliffs, and the other at Anvik; beyond the 
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deltas, but contemporaneous with them, the blue loams of Koyukuk-Anvik 
series were laid down. Open-water conditions changed to extensive swamp 
areas over this broad valley bottom and peat accumuleted on top of the 
blue loam. A low drainage divide apparently existed at Ruby, which 
separated the area of fluvial (?) deposits of the Palisades above from those 
of the estuary below. After sedimentation had filled the basin above. to 
the level of the divide, however, overflow to the area of delta sands and 
blue loams occurred. The swamps were rapidly covered by a tan loam 
which may extend continuously from above Tanana to below Holy Cross. 
This loam is the bluff loam of the present river and was probably deposited 
by aggrading streams. It appears that by this time the unconsolidated 
sediments were 600 to 700 feet thick, had accumulated to at least the level 
of the tableland, and had built up flood plains wider in places than the 
present Yukon meander belt. Many lenses of sand and gravel derived 
from adjacent bedrock hills were washed into the accumulating tan loam. 

Tan loam deposition is believed to have been contemporaneous with the 
glaciation of the mountains surrounding the Yukon basin. Glacial erosion 
fed much material into the glacial streams. These mixed their loads 
thoroughly in great trunk streams. Their coarsest materials were dropped 
first as outwash, terrace, or piedmont gravels and sands, but the finer 
material, containing a great variety of mineral grains, was carried farther, 
to lower gradients, by an extensive stream system and was finally deposited 
as the tan loam exposed in the present river bluffs. It is possible that much 
loam may have been drifted about by the wind on the river flats, but the 
final deposit appears to be fluvial. If the tan loam above the tableland 
is of eolian origin, it probably accumulated contemporaneously with part, 
or all, of the fluvial tan loam exposed in the river bluffs. If the high-level 
tan loam is fluvial, which seems improbable, it must have accumulated 
afterward. This important episode of the Quaternary history cannot be 
deciphered at present and must be left for future study. 

Following loam deposition to the level of the tableland, or above, uplift 
of the lower Yukon Valley began. How uniform or how variable the 
uplift was is not known. It resulted in rejuvenation of the Yukon and its 
tributaries below Tanana, with the removal of some of the tan loam. The 
uplift may have occurred in successive episodes separated by interims of 
lateral planation, because of the broad, terraced tableland best developed, 
according to Eakin, east of the Nowitna. The uplift and erosion estab- 
lished the tablelands of the Palisades, the Cave-off Cliffs, the Grayling 
River “boneyard,” and the Anvik sand. The present elevation of this 
tableland at the Palisades is about 600 feet and at Anvik 400 feet above 
sea level. 

Muck accumulated in large river channels on this erosion surface at the 
Palisades and at the Cave-off Cliffs. Its boggy condition at the time of 
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formation resulted in miring many of the Pleistocene animals that in- 
habited the region. 

High-angle faulting in the Palisades section probably ended muck 
accumulation at these places and brought to the surface the underlying 
Palisades conglomerate and the coal-bearing formation. The fault scarps 
must have been quickly removed by lateral erosion of the Yukon River, 
because, before the next event, the tableland was re-established over the 
truncated edges of the coal-bearing formation (Fig. 5). 

Another uplift resulted in the incision and lateral erosion of the present 
Yukon meander belt about 150 to 250 feet below the tableland. The 
bluffs are made up in part of the unconsolidated sediments and in part 
of the bedrock of pre-Cambrian, Cretaceous, and Tertiary deposits. The 
Yukon has cut considerable scars even in the bedrock. 

Recently the lower Yukon Valley, particularly that part below the 
Cave-off Cliffs, subsided slightly, creating swamps and shallow lakes. 
A deposit of peat and dark tan loam about 30 feet thick resulted. This 
is now being eroded away, as a result, apparently, of a slight and even 
more recent uplift of the area. 
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INTRODUCTION 


During the summer of 1935 the writer studied the topographic forms 
and unconsolidated sediments of the Yukon Valley between Tanana and 
Holy Cross and found that the Yukon River is shifting over a broad 
lowland area. The magnitude and manifest rapidity of the process were 
so arresting that an attempt was made to discover the mechanism in- 
volved and the extent and rate of the activity. An analysis of the data 
collected affords approximate solutions of these problems and is presented 
in the following pages. 
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EVIDENCE OF CHANNEL SHIFTING 


The most conspicuous evidence of channel shifting is the broad me- 
ander belt. The block diagram in the writer’s preceding article (Eard- 
ley, 1938, fig. 1) represents the nature of this physiographic feature with 
the limited accuracy that existing maps, observations from the river, 
and sketches and photographs from the air allow. At Tanana it is 6 
to 10 miles wide; it narrows at Gold Hill and at Ruby to 2 miles; at 
Louden it is about 5 miles wide; between Louden and Koyukuk Station, 
in the area of the confluence of the Koyukuk River, a valley flat, about 
35 miles across, exists with only two small bedrock hills rising above the 
plain; at Nulato the meander belt is 20 miles wide but diminishes to 5 
miles at Khotol River. 

The meander belt is bounded on both sides by bluffs composed either 
of a fine uncompacted sediment, known as the “Yukon Silts” but perhaps 
better described as loam and sand (Eardley, 1938), or of pre-Cambrian 
schists, Cretaceous sandstones and shales, and extrusive rocks (Eakin, 
1916; Hollick and Martin, 1930, pl. 87). The loam and sand bluffs 
range in height from 50 to 300 feet and the bedrock cliffs from 50 to 
600 feet (Pl. 4, 5, 6). Just above Koyukuk Station the Yukon has cut 
laterally into old lava flows, producing nearly vertical cliffs 600 feet 
high (Pl. 3, fig. 1). 

The valley bottom is exceedingly flat. The greatest relief within the 


meander belt is along the banks of the river and its sloughs and tribu- - 


taries. Many of these were ascended, but in no place, within the true 
meander belt, were the banks found to be higher than 20 feet above the 
river surface at average summer level. 

A trip by air over the length of the lower Yukon reveals strikingly the 
nature of the meander belt. It is marked by numerous channels (PI. 1, 2), 
some connected with the river at both ends and filled with flowing 
muddy Yukon water, others connected at one end or severed entirely and 
filled with amber-colored, sediment-free water with little or no circula- 
tion. These abandoned channels are in various stages of fill with ac- 
cumulating vegetation. Some have little or no open water left and are 
overgrown with sedges and timber in zonal arrangement (Pl. 1, 2). 
Although the areas of open water are in places oval or nearly circular 
(called lakes by the natives) the zones of vegetation as seen from the 
air clearly betray them to be open portions of peat-filled channels of 
former courses of the Yukon. Commonly, series of laterally adjacent 
crescents suggest the former progressive, broad, meander bend cutting 
of the Yukon (PI. 1; Pl. 3, fig. 3). Successively new zones of trees on 
the inside of the present meander bends attest progressive deposition 
(Pl. 7) and, hence, active shifting. 
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RATE OF CHANNEL SHIFTING 


A few examples of channel shifting have been noted where the rate 
can be ascertained. Near Anvik the Anvik River is cutting toward the 
Yukon, which, at the same time, is cutting toward the Anvik (Fig. 1; 
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Ficure 1—Sketch map of the Yukon and Innoko rivers at Holy Cross 


Section AB is exposed in the cut bank. Section CD shows a cross section profile of the Yukon channel, 
sounded September 4, 1935, by Norman Reynolds and the writer. 


Pl. 3, figs. 1, 2). An incipient cut-off is present, and the actual piracy 
may occur any time in the next year or two. A former native village and 
the first location of the Anvik Mission, made in 1890 by the Rev. J. W. 
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Chapman, were at this point. The neck of land was then 1000 to 3000 
feet wide, according to Rev. H. H. Chapman, now at the mission. The 
amount of lateral cutting of the two rivers during the last 45 years thus 
averaged 22 to 67 feet annually. 

Another interesting example was noted at Holy Cross. A sketch map 
of the locality is presented in Figure 1. On the west side of the river 
is shown the approximate position of the cut bank in 1896 as it was 
when the Jesuits established the Holy Cross mission. Active bank cut- 
ting to the extent of 2400 feet resulted by 1916, according to Father 
Prangie, now at the mission (Pl. 4, fig. 2). After the cutting the main 
channel shifted to the east side and a bar was built down the path of 
former scour. The extent of the bar in 1916, shown on Harrington’s 
map (Harrington, 1918, pl. 3), is indicated in Figure 2. By 1935, it had 
grown downstreaia fully a mile, to the position shown in Plate 4, figure 1, 
opposite Holy Cross. In summary, the bank cutting proceeded at a rate 
of 120 feet per year and the bar building at 260 feet. 

The zones of trees on the east side of the river tell an interesting story. 
Successively younger zones of willows (B, Fig. 2) on the slope or the inside 
bend of the slough that meets the Innoko River indicate depositicn. The 
distance from B to the vid stand of cottonwoods and spruce is about 2500 
feet. This shifting occurred in the last 28 years, at an average rate of 
90 feet per year. The 12-year-old willows on the south side of the slough 
represent a growth of 2500 feet on the inside of a meander bend within 
a single year, during 1924. The deepest part of the slough channel (sec- 
tion CD, Fig. 1) is close to the south bank where cutting is now in prog- 
ress, removing the 12-year-old deposits. It is apparent here that lateral 
shifting of the Yukon involves the erosion and deposition of a layer at 
least 60 feet thick. 

Another example of the rate of channel shifting is found at the 
Koyukuk confluence (Fig. 2). Here, successively younger stands of 
timber, as shown on the map, indicate progressive growth of the inside 
of the meander bend. Frank Wadsworth? has core-drilled numerous 
trees on the different “bars” and has given the writer the following age 
determinations. One large spruce, 35 inches in diameter, on the middle 
of bar Al, was 172 years old. Willows on bar A2 ranged in age from 
43 to 47 years. Willows on bar B were estimated by the writer to be 25 
years old. The lateral growth of the inside of the meander bend has been 
about 5500 feet, by sketch map measurement, since the 172-year-old 
spruce took root. This indicates an average annual rate of 32 feet, 
although the growth of the inside of the meander bend in later years 
appears to have been faster. 


"1 Assistant to Professor Dow Baxter, University of Michigan, who studied the pathology of forest 
succession in the area during a part of the summer of 1936. 
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Ficure 1. River NEAR Lakso’s CABIN 
View eastward. The successively abandoned channels are clearly indicated. 


Ficure 2. YuKo Creek 
View southeastward. Showing the tributary entering the Yukon about 20 miles down river from 
Ruby. The meander belt from the bluffs in the foreground to the Kaiyuh Mountains on the horizon 
is 34% miles wide. 
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Ficure 1. Bishop Rock (G1ant’s Pack) 
A bedrock hill in the Yukon meander belt, here approximately 35 
miles wide. View east-northeastward 


Figure 2. CAve-orF CLIFFS 
Probably 10 miles away. View eastward. Many abandoned channels are evident in both figures. 


MEANDER BELT AT THE KOYUKUK-YUKON CONFLUENCE 
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An average of the various rates of lateral shifting as suggested in the 
examples described is 75 feet per year. If the meander belt is 10 miles 
wide, (an approximate average) 700 years were required for the Yukon 
to shift across it. These figures must serve only as a suggestion of the 
rate of shifting. Factors to be considered are: (1), the river often cuts 
into bluffs, 50 to 600 feet high, and the erosion is retarded greatly; (2), 
the rates determined are chiefly for those places where the river is ac- 
tively cutting or building low banks within the meander belt, and it does 
not follow that all stretches of the river are actively being built or 
eroded; (3), the river does not cut continuously from one bluff to an- 
other but may oscillate many times before swinging across its entire 
meander belt. It appears, then, that the estimate “700 years” is insuf- 
ficient time under normal conditions for the Yukon to shift across 10 
miles of valley bottom land. If some such figure as 1000 or 2000 years 
be considered, a truer picture of the rate of the river’s activity will be 
portrayed. 

PROCESS OF CHANNEL SHIFTING 


GENERAL STATEMENT 


The physical principles causing and governing meandering streams are 
not yet clearly understood. The recent works of Leighly (1934), Hjul- 
strém (1935), and Rubey (1933), are instructive examples of progress 
in this line of research. Unfortunately, Yukon River data showing the 
velocities, depths, Austausch coefficients, and load, were not gathered 
and, therefore, a contribution from this point of view is not possible. 
Results of the stream’s activity, however, were observed, and some data, 
perhaps significant to the theories of meandering stream flow, will be 
recorded in the following paragraphs. 


EROSION 


Lateral erosion on the lower Yukon is unusual only in the respect that 
many of the banks consist of frozen, unconsolidated sediments. These 
are of three varieties—namely, sand, silt, and muck—and each distine- 
tively responds to river erosion. Where the banks are of sand, as at the 
Cave-off Cliffs below Louden, thawing on the cliff face proceeds to a 
depth of about 3 feet before a large sheet of thawed sand breaks loose 
and slips into the river (PI. 5, fig. 2). The rate of thawing of the sand, 
about 2 inches per day, may be estimated from the known rate of “muck” 
thawing in the placer workings at Tofty, not far distant. As muck is 
chiefly silt with about 50 per cent water,? it should thaw more slowly 
than sand (quartz is a much better conductor of heat than shale) with 
about half the water. Doubling the rate of muck thawing would, there- 


2 Analyses by the writer. 
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fore, approximate the rate of sand thawing. The rate of thawing de- 
creases as the square of the distance as long as the thawed sand is not 
removed. Therefore, it would take about 81 days for a sheet, 36 inches 
deep, to thaw. On this basis the yearly rate of recession of the bluffs 
(figured for a five-months summer period) would be about 6 feet. The 
river does not undercut the bluffs at the Cave-off Cliffs; hence the rate 
of recession must be determined by the rate of thawing of the bluff face 
above water. Gilmore (1908, p. 12) observed the wind to be a factor 
in the erosion of the bluffs. During a wind storm the dried sand on the 
bluff face is caught by the wind and “poured up over the crest of the 
bluff, reminding one of an ever ascending volume of smoke. In places 
large drifts had accumulated ...” Inasmuch as thawing reaches depths 
of 36 inches, at which time the rate is slow, wind removal of sand must 
be still slower in order to permit thawing to this depth. Hence, wind 
action could not be an important factor in bluff recession. 

Where the banks consist of loam (PI. 6, fig. 2) angular slabs break off 
as river undercutting proceeds. The slabs are thawed before breaking. 
Undercutting in loam contrasts with sloping underwater banks in sand. 

Where ice lenses and plugs pervade a dark loam, the material usually 
is called “muck” (Eardley, 1938, p. 329). Such sediment is often reduced 
to small mud streams during the summer days. The streams are 1 to 6 
inches wide and build mud cones at the base of the bluff and at the 
water’s edge (PI. 6, fig. 1). Spurr (1898, p. 2) has observed large-scale 
slumping in this same kind of material at the Palisades, evidently the 
result of undercutting primarily, but helped by gravity and frost action. 
A photograph of the slumped section (Pl. 5, fig. 1) shows a tilted block, 
once part of the upper timber-covered surface, as a small island at the 
foot of the bluff. This whole central area of the Palisades is broken 
by many gaping fissures, and successive blocks, still partly frozen, are 
slowly slipping to the water’s edge. 

At the time of the spring break-up on the river, ice-jam ramparts are 
commonly formed along many sections and some striating and faceting 
of boulders occurs. From the writer’s observations, however, the amount 
of bank erosion by the ice appears inconsequential in most places. 


DEPOSITION 

Deposition on the inside of the meander bends of the lower Yukon 
River is of a distinctive type and, as far as the writer is able to discover, 
has not been described. From the air the valley floor is seen to be marked 
by series of crescents, cupped loosely upon each other (Pl. 1; Pl. 3, fig. 3). 
In many variations, the pattern covers almost the entire meander belt. 
A crescent is commonly a zone of similar vegetation which differs in 
color and texture from an adjacent zone of another type of vegetation. 
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Certain crescents may be formed from stands of spruce, others by willows 
of various ages, others by sedges; still others may consist of channels of 
water filled to various degrees by accumulating vegetation. 

Figure 2 has been prepared to illustrate the process of deposition by 
the meandering Yukon and the production of these crescentic markings. 


2 MILES 


Ficure 2—Sketch map of the Koyukuk-Yukon confluence 
Showing process of bank cutting and bar building. Compare with Plate 3, figure 1. 


The main controls have been taken from Eakin’s map (Eakin, 1918) and 
altered to match the details of the photographic panorama of Plate 7. 
Bar C on this figure has recently formed and has built progressively 
down stream. This is demonstrated by the successive zones of younger 
vegetation indicated by numbers 1 to 8. Vegetation 1 is a zone of spruce 
about 170 years old; (2) old willows with possibly other deciduous trees 
about 47 years old; (3) willows about 25 years old; (4) willows about 
15 years old; (5) willows about 10 years old; (6) willows about 6 years 
old; (7) willows about 3 years old; (8) horsetails; (9) is bare loam not 
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yet overgrown with vegetation. The building of the bar added to the 
deposit on the inside of the meander bend and at the same time separated 
from the main river channel a slough or lagoon. The conclusion is drawn 
that bar B built downstream before bar C was deposited and, likewise, 
bar A before bar B. Each, in turn, has left a crescent-shaped slough, and 
each slough has filled, or is filling, with vegetation, the amount of which 
depends on the age. Bar D is a new deposit which, undoubtedly, will 
grow downstream rapidly and in time will be separated from bar C by 
another crescentic slough. The idealized section at the bottom of Figure 
3 illustrates the author’s conception of the process of channel shifting 
so commonly displayed in the lower Yukon meander belt. 

Bedrock hills on the outside of the meander bend have been reached 
by the river, and these have probably slowed down the cutting greatly. 
This should not retard continued bar building opposite the bedrock cliffs 
on the inside of the bend, however, because the amount of water flowing 
down this part of the Yukon River is decreasing, and, with decreasing 
size of channel, deposition may continue. The stream here is only part 
of the river; another branch splits off about 2 miles upstream and com- 
bines again 5 or 6 miles below. The large river steamboat formerly took 
the branch of the Yukon shown on the map but now follows the other, 
probably because of deeper channel and more freedom’from bars. If 
the main channel is gradually established down the other branch and 
progressively less water flows down the branch under discussion, then, 
presumably, bar building may continue until only the amber clear water 
of the Koyukuk River flows by the cliffs in a channel suitable in size 
only for the tributary. That this stage of channel reduction will prob- 
ably not occur is shown later in the discussion of the origin of “sloughs.” 

The process of bar building on the inside of meander bends of the 
Yukon, typified in the Koyukuk-Yukon confluence area, is believed to 
be the dominant manner of river deposition from Tanana to Holy Cross, 
the part of the river which the writer had the opportunity to observe. 

There remains still another process of river deposition to be described; 
namely, that of ice-jam flood sedimentation. This is the only known 
means of accounting satisfactorily for the height to which some bar and 
inside meander-bend deposits are built. Following the spring “break-up” 
on the Yukon the ice cakes jam in restricted places in the river and form 
temporary dams. The water rises as much as 40 feet in three days, re- 
mains at that height for two or three days more, and then, as the jam 
breaks, subsides rapidly to normal river level. The floods spread over 
hundreds of square miles of river bottoms and are destructive to the 
natives and wild life. The Yukon does not fluctuate more than 10 feet 
due to increased spring runoff or seasonal precipitation variations which 
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Ficure 1. Hoty Cross Mission 
As seen from the hill to the west. The sand bar, as of September-1, 1935, and as indicated in text 
Figure 1, is about 3 feet above water. 


Ficure 2. FLAT MEANDER BELT, ABRUPTLY RISING BEDROCK HILLS, AND FRESHLY CUT BANKS 
View to the south of Holy Cross. 


BARS AND CUT BANKS AT HOLY CROSS 
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is not sufficient to flood over the banks. It is only at the time and place 
of ice-jams that the river rises 25 to 40 feet. These floods have been 
described in the journals of many travelers in the region, but a few 
specific instances that came to the attention of the writer seem worth 
mentioning. 

(1) A flood at Rubey, about twelve years ago; rose to the steps of the 
stores along the riverbank. This, by hand-leveling, was about 25 feet 
above the river surface (July 10, 1935). 

(2) A flood at Koyukuk about ten years ago rose well over a 20-foot 
bank on which the village is located and deposited a thin layer of silt 
wherever the water had been. 

(3) Mr. Thurman, whose camp is opposite Blackburn Island, reports 
four or five ice-jam floods that overflowed the 22-foot banks. One rose 
8 feet above the terrace top (30 feet above the river surface on August 
15, 1935) as measured on the posts of Thurman’s smokehouse. It lasted 
three days and deposited about half an inch of silt on the floor of the 
smokehouse. 

(4) The Rev. J. W. Chapman (1931, p. 16), formerly of the Anvik 
Mission, writes: 

“In the Spring of 1890 occurred one of those infrequent floods which occasionally 
accompany the breaking of the ice on the Yukon. These floods appear to be local, 
and to be caused by ice jamming at some contracted point in the channel. At this 
time of my first experience with them it had seemed incredible to me that the 
water should rise 40 feet higher than the low water level, although the natives had 
told me it might do so. It has occurred three times during the forty years of my 
residence in Anvik. The water remains at the high level stage only a day or two 
and then goes down, leaving everything covered with a layer of mud.” 


The frequency of these ice-jam floods is not known; perhaps it varies 
from place to place. From the many accounts that the writer heard 
while traversing the river, it might be estimated as one flood in five to 
fifteen years. Inquiry about the “mud” or “deposits” laid down during 
the high water was made at every opportunity. The answer was in- 
variably “a thin layer of slippery mud, maybe one-half inch, maybe 2 
inches thick.” This “mud” has settled out of the ever-muddy water of 
the Yukon. The floods, then, are agents of deposition over the meander 
belt, but the process over any large area of the meander belt does not 
seem to be a rapid one. 

An observation on the cut-bank opposite Holy Cross furnishes a good 
example of local flood deposition at a rather fast rate. The section A-B 
of Figure 2 shows the upper 9 feet of the bank material to be made up 
of three distinct layers. At the base of each layer is a jumbled layer 
of drift-wood. Large stumps are particularly common. All the wood 
bears unmistakable evidence of river drift over a long distance. Above 
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each layer of drift-wood is gray loam (chiefly silt, some very fine sand, 
some clay), the common river deposit in all the present-forming bars. 
The writer interprets the three-layered deposit here to have been built 
up during three different ice-jam floods, as the location is a particularly 
favorable one for deposition during high water. The inside bends of 
meanders or localities where eddying or slack water exists may con- 
stitute the necessary conditions for a local 3 foot deposit, as described, 
during a flood. The roots of the 28-year-old willows exposed in the cut- 
bank are true roots from the surface down and do not consist in the 
upper part of buried trunks. This stand of willows took root, therefore, 
after the last flood deposit was laid down. 

In summary it may be concluded that deposition on the inside of 
meander bends builds only to the level of high water through normal 
seasonal fluctuations. This variation on the lower Yukon is about 10 feet. 
Deposition during an ice-jam flood is very small over the broad areas 
flooded, but locally may amount to 3 feet, and result in the growth 
of the bottom land 20 feet above the ordinary river surface. Because 
the crescents of meander bend deposition are almost everywhere con- 
spicuous from the air and have not been masked by flood deposits it 
is evident that aggradation is insignificant on the lower Yukon and that 
the river at present is slightly intrenching itself. 


PROBLEM OF THE SLOUGHS 
CHARACTERISTICS 


At several places below Koyukuk, small distributaries leave the 
Yukon, flow across the lowland, and discharge muddy river water into 
the clear amber water of some tributary. The tributary empties into 
the Yukon several miles below, returning the muddy distributary water 
again to the main river. These distributaries are locally known as 
“sloughs” and have the following characteristics: 

(1) They are entirely within the meander belt of the Yukon River. 

(2) They range in width from 100 to 600 feet and have a current 
slightly less than that of the main Yukon channel; viz., 2 to 5 miles 
per hour. 

(3) The cut-bank and meander-bend deposits are similar to those of 
the Yukon, except for size and curvature. 

(4) The sloughs empty into some river, tributary to the Yukon, con- 
taminating the clear water of the tributary with the muddy water of 
the master stream. 

The best-known examples of sloughs between Koyukuk and Holy 
Cross are: 

(1) The Kaiyuh Slough (Fig. 3), leaves the Yukon about 15 miles 
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below Nulato and flows southeasterly across the meander belt about 35 
miles (13 miles air line) before entering the Khotol River. The Khotol 
River is fed by numerous creeks from the Kaiyuh Hills and becomes 
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Ficure 3—Map of the Kaiyuh Slough and Khotol River in the Yukon meander belt 


larger as it flows to the southwest through a circuitous course (Pl. 1, fig. 
1) until it discharges ‘nto the Yukon, 18 miles air line below Kaltag. 

(2) The Yokontoh Slough leaves the Yukon opposite Blackburn Is- 
land and flows only three quarters of a mile to a mile east before merging 
with the Sisdlartna River, which is also fed by creeks from the Kaiyuh 
Hills. The combination of river and slough waters below the junction 
is also called the Yokontoh Slough by the natives. It flows only 4 miles 
downstream before re-entering the Yukon. 
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(3) The Shageluk Slough leaves the Yukon about 30 miles air line 
above Anvik, flows to the southeast, divides, and enters the Innoko River, 
one branch above Hologochakat (12 miles air line from the Yukon) and 
the other some distance below. The Innoko River, carrying the Shageluk 
Slough water, flows south to a point within 10 miles of Holy Cross, where 
it divides into west and east branches. A slough leaves the Yukon 
opposite Holy Cross to add to the water of the west branch, which, com- 
bined, discharge about 4 miles below into the Yukon. The east branch, 
known both as the Innoko River and as the Paimiut Slough, enters the 
Yukon about 30 miles air line below, at Paimiut village. Below 
Hologochakat the Innoko River and its sloughs are all in the great 
meander belt of the Yukon. 

(4) Below Anvik and above Holy Cross there are a number of small 
sloughs on the west side of the river. The Bonasila Slough has two sec- 
tions (Harrington, 1918, pl. 3). This is manifestly an example of lateral 
cutting of the Yukon into the meandering course of the Bonasila River, 
a step farther than that illustrated in the Anvik cut-off, previously de- 
scribed. The slough is the former course of the Bonasila River and as 
such is not believed to be in the same class in point of origin as the other 
sloughs (PI. 3, fig. 4). 

(5) An unnamed slough leaves the Yukon about 15 miles above the 
mouth of the Koserefski River. It flows south and west until it meets 
the Koserefski about 2 miles from its junction with the Yukon. 


ORIGIN 

Most of the old channels in the meander belt are stagnant and are 
either filled or being filled with vegetation. The rare exception is the 
slough channel of moving water. Where the sloughs are open and con- 
tain moving water, they always discharge into clear water tributaries 
of the Yukon and, therefore, must owe their maintenance to them. This 
conclusion is supported and amplified by a study of the Koyukuk-Yukon 
confluence, where slough formation is believed to be in progress. It was 
suggested that bar building on the inside of the meander bend might con- 
tinue here (Fig. 2) even though the hard bedrock cliffs now reached 
would retard bank cutting on the outside of the bend—this in view of 
the fact that the steamboat channel of the Yukon is becoming larger 
ut the expense of the bar-building channel under consideration. If the 
process continues, eventually a channel will remain only large enough 
to carry the water of the Koyukuk River. The Koyukuk River is gen- 
erally free of suspended sediment and should, therefore, be capable of 
maintaining a channel quite sufficient for its own waters against the 
encroaching bars. The transporting and, perhaps, scouring activity of 
the Koyukuk is significant because it provides a gradient favorable for 
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Ficure 1. PALISADES “BONEYARD” 
View down river, showing characteristic bank cutting in frozen mucks. 


Ficure 2. Cave-orr CLiFFs 
A close-up showing recent caves in the frozen sand. The bluffs are about 150 feet high. 


CUT BANKS IN FROZEN MUCK AND SAND 
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current generation in the bar-building Yukon channel above. This cur- 
rent, in turn, will result in the maintenance of a certain amount of trans- 
portational activity in the bar-building channel and will prevent its 
entire filling. 

A condition of equilibrium will be established in the bar-building 
channel when, because of the velocity maintained in the shrinking 
channel, the stream will be able to transport the entire, although di- 
minished, load as it comes from the Yukon, and further deposition will 
cease. The size of the channel will then be governed by fluctuations in 
the Koyukuk itself. 

At this stage of evolution the bar-building channel will have shrunk 
to a width of 100 or 200 feet and will be a small distributary of the 
Yukon, flowing across a portion of the meander belt and emptying into 
a fresh-water tributary; in other words, it will be a typical slough. 

Certain sloughs must be long lived. The Kaiyuh and the Shageluk 
wander so far from the main river, have such old stands of timber on 


’ their banks, and present such similar bank and fill aspects to the rivers 


which sustain them that the impression of considerable age is given. 
They are older than Indian history or legend, which at best is 200 or 300 
years.* The sloughs could not survive a shifting of the Yukon across 
the lowlands occupied by them and, hence, are younger than 1000 to 
2000 years, the time required for the Yukon to shift across its meander 
belt. It is not believed that they are as permanent as the tributary 
rivers, however, because there is evidence that they may fill with silt 
near their head at the Yukon and then become stagnant. It is difficult 
at the present time to run a small houseboat up the Shageluk Slough, 
particularly near its head, when the Yukon River is at low level. Several 
“dead end” sloughs that come into the Kaiyuh Slough once had running 
water but are now cut off from the Yukon and are stagnant but not yet 
filled. The same is true of the Shageluk Slough. At high water on the 
Yukon, these, even now, become filled with moving, muddy Yukon water. 

The proportionally large curvature of the meander bends of the sloughs 
must be harmonized with the proportionally small curvature of those 
of the great Yukon, if the theory that the sloughs are shrunken survivals 
of the old Yukon channel is true. Jefferson (1902, p. 174) has pointed 
out a relationship of size of stream to curvature of meander bends, and 
might well have taken the Kaiyuh Slough and Khotol River as an ex- 
ample (Fig. 3). The Khotol River at its mouth is 600 feet wide; the 
radius of curvature of its bends is a quarter to a third of a mile. The 
curvature becomes greater (the radius less) as the stream becomes nar- 
rower, until, with a width of 100 feet, or less, in the Kaiyuh Slough, the 


3 F. de Laguna: Personal communication. 
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radius is only one twentieth to one tenth of a mile. This could not have 
been the curvature of the Yukon channel had it once existed where the 
Kaiyuh Slough now flows. The discrepancy is readily explained if the 
basic conception of diminishing water volume as part of the theory of 
slough origin is considered. The stream, in building bar after bar in 
response to cutting on the opposite bank, does so on a constantly decreas- 
ing radius of curvature scale, which in time destroys all resemblance 
to the once-larger channel and the more sweeping curves of the formerly 
larger stream. This diminishing radius of curvature may be observed, 
it is believed, on the Kaiyuh Slough (PI. 1, fig. 1). 


CONCLUSIONS 


Evidence of channel shifting of the lower Yukon River comes from 
three sources: (1) the distinct topographic expression of a broad 
meander belt, 2 to 35 miles wide; (2) aerial observation of old aban- 
doned channels, found almost everywhere in the meander belt; and (3) 
local examples where recent shifting has occurred or is now occurring. 
These examples are of two kinds: (1) actual observations of inhabitants 
of the country along the river, and (2) studies of forest succession on 
accumulating river deposits. Channel shifting is roughly estimated to 
be at such a rate that the river may cut laterally across its entire 
meander belt (one, 10 miles wide) in 1000 to 2000 years. 

Of unusual interest in the erosional work of the river on the outside 
of the river bends is the frozen condition of the unconsolidated deposits 
into which the river is cutting. The sand in the bank face of the 
meander-belt bluffs thaws to a depth of 3 feet and then slides into the 
river. The recession of the sand banks by this process is about 6 feet 
per year. The loam banks are undercut by the river and, when thawed, 
break off into the river in large angular chunks, weighing several tons 
each. The mucks contain much mosture. Thawing results in mud 
streams and the building of mud cones at the water’s edge. 

Deposition by the river was found to occur in two ways: (1) bar build- 
ing on the inside of meander bends and (2) ice-jam flood sedimentation. 
Of these the bar building is the more important and is responsible for 
the almost universally present series of cupped crescents in the pattern 
of the abandoned channels and vegetation in the meander belt. 

Slough origin is believed to be intimately connected with channel 
shifting. A clear-water tributary flowing into one branch of a split 
channel of the main river, and decreasing volume of water in the channel 
to which the clear-water stream is tributary, are fundamental assump- 
tions of the theory proposed. By bar building the channel receiving the 
tributary decreases in size on the inside of the meander bends. At the 
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same time, however, the ability of the branch below the mouth of the 
clear tributary to transport material increases as the discharge of sedi- 
ment-laden water from the Yukon decreases; thus, the channel, in dimin- 
ishing size, will be kept open. The open channel below induces current 
in the channel above, so that a transportational influence is set up, op- 
posed to the depositional activity of bar building. A condition of 
equilibrium will be reached when the transportational power over a 
period of years will be sufficient to remove downstream the load of sedi- 
ment delivered into the channel from the Yukon above. By this time 
the bar-building channel has become a true slough and, until some alter- 
ing circumstance sets in, changes only by lateral shifting. 

The Yukon below Tanana is believed to be a degrading stream. As 
the cupped crescents indicate meandering of the river and deposition 
below the level of the eroded banks, degradation exceeds aggradation, and 
the river is slowly lowering its meander belt. 
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THE FUTURE OF PALEONTOLOGY 
BY JOSEPH A. CUSHMAN 
(Address as retiring President of the Paleontological Society, 1937) 


In these days the man of science holds an enviable position. His out- 
look on the world in general, so far as his scientific point of view is con- 
cerned, is not dimmed by the terrors of war, by changing political trends, 
nor by recessions of the business world. True, all of these may limit his 
productivity or actually interfere with his work. Nevertheless, he has 
a grasp on the laws of the universe which are unaffected by any of these 
changing conditions. He needs no appeal to a court, for the laws with 
which he deals are the eternal verities. So in the shifting sands of the 
human world and the ebb and flow of man-made tides he may feel sure 
of the ground on which his science is based, knowing that its laws will 
be operating when all these other temporary troubles are long forgotten. 

To the astronomer who deals with the whole universe and whose time 
basis is one of light years, such trivialities as the rise and fall of dynas- 
ties, or the wars of races on this small planet of ours are of little conse- 
quence when he looks out upon ordered worlds each true to its own 
pathway through space. So, too, other sciences are based upon less 
broad a field, but their vastness is such that one may at least temporarily 
broaden his outlook from the world about him and turn back the records 
of time to other worlds long passed away. 

To the paleontologist is given a rare privilege, for his is the steward- 
ship of the oldest book of records that we possess, the book which con- 
tains all that we know of the progress of life upon this planet of ours. 
True, the book has had very hard usage and is imperfect. Many of its 
pages are badly torn and blotted; others have later records written across 
a page of earlier ones, so that it is difficult to trace the written lines. 
Many of its pages are entirely missing. Nevertheless, this is the only 
record of the past iife of the world and as such is beyond price. 

Given into his hands, it is the sacred duty of the paleontologist to 
study the pages with the utmost care, to translate the hidden meanings, 
to fill in to the best of his ability the blurred lines, aad wherever possible 
to replace the missing pages. 

In imagination at least, the paleontologist may review the wonderful 
pageant of the past life of this world of ours. His reviewing stand is 
placed on the ocean border high enough above the water so that he may 
have a clear view of its depths. Here pass before him all the marine 
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creatures from the single-celled primitive animals to the starfish, the 
brachiopods, the bizarre forms of the trilobites, huge ammonites, and 
many other creeping and crawling animals. Then come strangely shaped 
fishes in the armor of mediaeval knights and other swimming forms so 
unlike any living today that they must be seen to be believed. Then 
creeping out onto the land, which, while he has been fascinated by the 
marvels of the sea, has become covered by vegetation, come strange 
creations. They are leaving the teeming sea and venturing out to a new 
life upon the land. Soon he sees them developing varied forms, upon the 
surface and in the air as the first insects fly about the strange trees and 
plants of this primitive world. Later the reptiles develop and dominate 
land, sea, and air, with the huge winged Pterodactyls perhaps resembling 
flights of modern airplanes. The birds and mammals follow and, in 
turn, dominate air and land. Gradually, modern vegetation appears, and 
the world looks very much as it does today. The stage is set for the 
appearance of primitive man. As the animals and plants show their 
evolution, the paleontologist studying the early races of men becomes 
an anthropologist, and digging into his buried cities changes to an 
archaeologist, and so to the historian. 

With all this pageantry of the past, the field for the present-day 
paleontologist, what of the future of the science? 

It may well follow three distinct but related fields: First, that of the 
paleontologist in his own realm; second, the relationships to the other 
sciences, particularly geology, where it may contribute much; and, third, 
as a practical aid to the development of man’s economic life. Some 
suggestions at least will be given for all three of these fields. 

The base on which to build our knowledge of the animals and plants 
of the past must rest upon the remains that are left to us in the deposits 
of past ages. To make these available for the studies of others, the fos- 
sils must be collected, described, and illustrated. This is the chore work 
that must be done in detail, and eventually must cover the entire surface 
of the globe and the vertical section of the sedimentary rocks of all ages. 
In the last century and a half, great progress has been made along these 
lines, but immense areas of the earth are yet to be explored. These will 
fill in many details of the picture which are now lacking. In the future 
we may expect explorations and development will render accessible to 
paleontologists rich collections from ti! unknown parts of Asia, Africa, 
the Americas, and Australia. These will not only add immensely to the 
known fossil faunas and floras of past ages, but will make possible a 
much greater clarity of vision in making the past live again. 

For all the great progress in the past the paleontologist of the future 
should be especially trained and educated. Perhaps too often in the past, 
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paleontology has been merely a side issue, particularly as it is used 
by a geologist who has looked for fossils to give him a clue to the age 
of the formations with which he was working. The fossils meant simply 
marks or forms in the rocks, to which he attached names for future 
reference in correlation. 

As an ideal, the paleontologist of the future should be trained as a 
zoologist or botanist or both, so that he may be familiar with the animals 
and plants of the present day. With this background, he will be ready 
to understand the relationship, structure, and development of the ani- 
mals and plants whose remains he finds in the rocks. They will repre- 
sent definite characters which will allow him to classify and deal with 
them in their true zoological or botanical relationships. With such a 
training the future paleontologist will have full knowledge of types of 


plants or animals with which he works and can visualize the living forms . 


from the fossil remains that he has before him. 

With greater ease of travel, and larger collections from all parts of 
the earth, the specialist in any group will be able to consider it as a 
whole, trace its evolution throughout geologic time, and chart its migra- 
tions. Although faunal study of small areas will necessarily precede, we 
may look forward to the time when a comprehensive study of a group 
from all parts of the world will be possible, and a much fuller under- 
standing of its developments and relationships will be achieved than can 
be attained at present. As wider collections are made, many of the gaps 
that now exist will be filled in and the missing links in much of the 
evolutionary history of plants and animals will be discovered to make a 
complete whole. 

Although the biologist dealing with life processes gives us much infor- 
mation on the actual working of evolution, it is the paleontologist who 
must, by a study of the records of the past, bring to light the pathways 
that evolution has taken up to the present. For the best realization of 
these, the paleontologist will collect not only the adult stages character- 
istic of the species but all the developmental stages possible as well, to 
give a complete series. 

Material for the study of the more detailed problems of evolution may 
be found in many surface outcrops, but complete sections, several hun- 
dreds of feet in length or even much longer, may be obtained by the use 
of cores. Those who have worked with the microfossils of such cores 
must have been aware of the changes that take place in a single species 
during the deposition represented by the core or that part of it in which 
the species occurs. The relationships of species and their derivation, one 
from another, by the incoming of new characters, may be very well seen 
in the close study of such cores. This line of attack on the problems of 
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evolution will be more and more available to the paleontologist of the 
future. Core drilling for economic problems is rapidly increasing, and 
several depositories already are available for the preservation of selected 
cores. If additional cores for which there is no storage room could be 
sampled and washed so as to be stored in a smaller space, the micro- 
fossils at least would be available for future workers after exhaustion 
of the petroleum or other resources made core drilling no longer of 
economic interest in that particular region. It is to be hoped that many 
of the samples now in laboratories connected with petroleum companies 
may be preserved elsewhere when they are no longer of value to the com- 
pany. Thus, the future worker may have available a treasure house of 
material which to duplicate would be an expensive undertaking. 

Similar cores of short length have recently been taken both in the 
Atlantic and in the Pacific oceans by quite different methods and for 
purely scientific purposes. Through the study of their microfossils, much 
has already been learned of changes in conditions during Pleistocene times. 
Also, it will be possible by a continuation of such methods to learn much 
of the sediments and even of outcropping formations now deep in the 
oceans. In time, when methods shall have been developed for taking much 
longer cores, it will be possible to study the fossil content of areas other- 
wise entirely unavailable. The possibility of core study has much ahead 
for the future paleontologist. 

As material from cores should be preserved whenever possible, so out- 
crops, particularly of type localities from which many species have been 
described, might also be a matter of consideration for preservation. A 
few localities, especially noteworthy for their vertebrate fossils, have been 
made into state parks or national monuments. It is possible that other 
localities or outcrops should be preserved in like manner. The famous 
Eocene locality at Grignon in France is now preserved and the fossils 
taken carefully so that full use is made of them. Certain localities near 
state or other universities might be preserved in this way with little cost 
and be made a source of great scientific value to future paleontologists. 

A beginning has been made in a few museums to show to the public, 
groups representing fossil animals and plants in their probable relation- 
ships when living. It would seem an excellent opportunity for making an 
educational contribution to the general public if more museums would take 
up this work. With modern methods of group presentation as shown in many 
museums, it should be possible to make groups to show some of the char- 
acteristic animals and plants of geologic periods in a series that would be 
of real interest, and make more alive the facts of paleontology and evolu- 
tion. This should be a great field of opportunity for paleontologists of 
the future to reconstruct the life of earlier ages, so that it may become real 
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to many interested, but non-scientific, persons to whom otherwise the fossil 
record would be an unopened book. 

Palececology is a fairly new word, but it stands for what should be an 
excellent field for the well-trained paleontologist of the future. The study 
of the environment in which the fossil animals and plants lived and their 
relationships to one another and to their surroundings is a fascinating one. 
The student of palececology must have a broad knowledge of the ecology 
of living plants and animals before he can begin to grasp the relationships 
of those of the past. It will be a test of the imagination, under control of 
what is already known, to make these fossil animals and plants live again 
in their own environment, to explain their structural adaptations and their 
interrelationships with one another. This will give to the future worker 
data for the explanation of the rapid extinction of species, and even whole 
faunas, and the appearance of others to take their places. The many un- 
usual forms, so unlike those of today, may be found to be equally well 
fitted to special conditions very unlike our own. 

The study of environmental conditions will probably help to explain 
the great migrations of animals that have taken place in past geologic 
ages whose paths are only obscure as yet. The future collections of Africa 
and Asia will undoubtedly give us detailed information of the path of 
migration of those elements of the Miocene and Recent faunas of Australia 
that are so closely allied to those of the Eocene of the Paris Basin and to 
the Oligocene of the Gulf Coastal region of the United States, to cite a 
single example. 

From a study of these migrations and distributions, decided aid should 
be given toward the study of Paleogeography. Knowledge of the distribu- 
tion of animals and plants is of great value in determining the distribution 
of land and water areas in past ages. When the ecologic factors are better 
known, it will be possible to give more definitely the depth of water and 
relative direction of shore lines from any particular area, and the distri- 
bution of fossil pelagic foraminifera may give a clue to the extent and 
direction of ocean currents of the past. 

In the field where paleontology has been most useful, that of an aid to 
the stratigraphic geologist, the future will add much in detail to what is 
already known. More co-operative work will be done to give illustrated 
works of entire faunas of key beds so that all the elements of the fauna 
will appear in a single volume or a series of volumes instead of having the 
information scattered as it is today. Such a series would be of inestimable 
value to the geologist as well as the paleontologist, and it is not too early 
to plan for the co-operative effort to produce such works. It will take the 
earnest and combined efforts of many workers to make possible such 
standard works, but it will help greatly to lessen the confusion that arises 
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when formations are encountered, and the scattered or unavailable litera- 
ture is not at hand for aid in placing them in proper position in the section. 

Efforts should be gradually made to correlate more closely the faunas 
occurring under different ecologic conditions but of contemporaneous age. 
The faunas of shallow littoral waters are usually very different from those 
of even moderately deeper water. Where beds cannot be traced over long 
distances, and changes in sediments occur, due to differences in depth, 
correlation is difficult. The student of palececology should find studies 
along this line fascinating to himself and the results very useful to the 
geologist and stratigrapher. It is very probable that some of the present 
day controversies over the relative ages of different beds might be easily 
and definitely settled if such ecologic factors were better known. There are 
examples in our sections where fossils of one group of animals seem to 
indicate a different relationship than those shown by other animal groups. 
A closer co-operation of workers on different zoologic divisions will proba- 
bly show that one group was more rapidly changing under the particular 
environmental conditions, and that, under certain conditions, greater 
weight should be given to one group than to another. Very much is to be 
learned by the paleontologist of the future along these and related lines. 

In the realm of economic geology, paleontology, especially micropaleon- 
tology, has demonstrated great usefulness. Particularly in petroleum 
discovery and recovery, the microfossils have been of inestimable value. 
Their usefulness has been due to their immense numbers, especially the 
foraminifera, and the fact that their small size allows them to be recovered 
unharmed by the process of drilling. The rapid changes in characters in 
the foraminifera and the large number of species usually present in a rela- 
tively small sample make them especially valuable for correlation pur- 
poses. The use of microfossils for correlation is already widespread in the 
search for oil. Shallow core drilling to determine subsurface structures is 
now used to a great extent. Where no surface outcrops allow the field 
geologist a clue to what is beneath, this method opens up a relatively in- 
expensive method of revealing subsurface structures. 

The value of such work depends upon the extent to which the micro- 
faunas of the beds of the section are known. Particularly where subsurface 
faulting must be accurately located, as in some of the areas of Texas, the 
point of change of faunas must be recognized within very narrow limits. 
Keen discrimination and an intimate knowledge of the various faunas are 
necessary for success in this rapidly growing field. A large part of this 
information, and the material upon which it is based, is not generally 
available, but is kept in the files of different companies who are operating 
in these fields. Such information should be preserved, so that the scientific 
results will not be lost, and have to be later obtained with much effort. 
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Co-operation between the scientific staffs of various oil companies is much 
more in evidence than it was even a few years ago. If this scattered infor- 
mation could be gathered together and gradually published, with the neces- 
sary illustrations, it would be of immense help to all those seeking data 
along this same line. If some organization connected with petroleum work 
could sponsor such a program of co-operative studies, the results would 
be of immense practical value. 

Much of the future work and the rapidity of progress in paleontology, 
as in all other lines of human endeavor, depends greatly upon organization 
and co-operation. In this way, waste of effort through unnecessary duplica- 
tion will be avoided. The individual worker in his chosen field will feel the 
stimulation that results from his knowing that what he does is part of a 
whole which he himself can see in its entirety. 

Under capable leadership, it will be possible to correlate various groups 
of workers so that the fossils of the various parts of the geologic time-scale 
will be illustrated, described, and their distributions, ecology, and relation- 
ships known in a series of well-thought-out volumes, which, although they 
will be added to as progress continues, should be, nevertheless, sufficiently 
exhaustive so as to be standard works for a long while to come. 

An added service that has been attempted on a small scale is the dis- 
tribution of collections of fossils either as duplicates or in the way of casts. 
This work has been done to some degree by the United States National 
Museum, so that casts or duplicates are available for many of the elements 
of Old-World faunas for comparison with our own. From type localities, 
as already mentioned, collections could be made which would be of great 
value in exchanging with other institutions. Individuals, especially those 
working with microfossils, can send paratypes of their species to widely 
scattered museums, or to other workers, who could reciprocate and make 
a first-hand knowledge of their material possible. 

With many of the older species, poorly illustrated and inadequately 
described as they often were, an attempt should be made to refigure and 
redescribe the species from the actual type specimens where they are 
still extant. Much confusion would be eliminated by this relatively simple 
undertaking. 

It is to be hoped that many similar plans to carry on the future work of 
paleontology will suggest themselves to the workers in this science. Prog- 
ress will continue to be made, but it will be more rapid and more sure if 
greater co-operation among paleontologists can be assured and if better 
methods can be found for publishing their works and of making these 
works more available. 

To these young men and women who are hesitating in the choice of a 
future career, that of the research worker is here recommended for con- 
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sideration. It means a lifetime of devotion to a cause which probably will 
bring neither fame nor fortune. One who chooses it must find most of its 
rewards within himself. He must leave the easy highways of the valley 
and be prepared to climb, first the winding mountain roads that others 
before him have graded and made easy, then the upper mountain trails 
with occasional vistas that will give him a promise of what is ahead if he 
continues to climb. Finally, he will come out onto the bare, wind-swept, 
rock ledges above the timber line, marked only by rock cairns of those 
who have ventured before him. The broadened view may hold him for a 
time, but he will surely feel the urge to press on to the eternal snows of 
the mountain peak ahead. There, he will find no trail to guide him, and 
he must push on through the fresh snow, leaving behind foot-prints for 
others to follow if they will. He knows well that he will never reach the 
summit, but the urge to go forward is all-compelling. When he has gone 
on to the limit of his strength and sinks down on the snowfields, he will 
feel within him, whether the world says “Well done” or not, that he has 
been true to the inner urge of his own soul and his reward is in the 
knowledge that he has carried the standard of science a little further 


into the unknown. 


SHaron, Mass. 
Receivep BY THE SecrRETARY OF THE Society, DecemBer 9, 1937. 
Reap Berore tHe Geovocica, Socrery AND THE Paveontovocicat Socrery, Decemper 29, 1937. 
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INTRODUCTION AND GEOLOGIC SETTING 


Somewhat more than a year ago Dr. Thomas C. Poulter, second in com- 
mand and senior scientist of Byrd Antarctic Expedition II, brought to 
the Geophysical Laboratory, Carnegie Institution of Washington, a 
small collection of voleanic rocks from Antarctica. Preliminary exam- 
ination showed certain rather unusual] features that appeared worthy of 
full investigation. 
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The paper that follows embodies the results. It represents essentially 
a laboratory study of features inherent in the rocks themselves, inde- 
pendent of their source, but a brief description of their occurrence is a 
desirable introduction. This information has been supplied by Poulter. 

In the course of an exploratory expedition from the base camp to the 
Raymond Fosdick Mountains, under the leadership of Paul A. Siple, an 
extinct voleano was discovered in the easternmost portion of the range. 
This received the designation “Volcano 116,” and apparently has not 
been given a more definite name. 

The rocks of the Raymond Fosdick Mountains in this vicinity consist 
chiefly of gneiss, grading into granodiorite, and of mica schist. Dikes of 
mica-peridotite also occur. Mr. Siple did the field work in this area, and 
Alton Wade worked up his notes and studied the petrography. Some of 
the results have already been published in the Buttetin (Wade, 1937). 

Volcano 116 is situated in latitude 76°33’S. and longitude 144°45’ W. 
(approximately). 

The following additional description is quoted from information sent 


by Poulter. 


“Tt is easily distinguished from the other peaks of the range, for from a distance 
it appears to be composed of a very black rock, while the rocks of all the neigh- 
boring peaks are leucocratic. Extending out from the peak in a southerly direction 
in a long, curving arc is an exposed moraine composed of volcanic ash, lapilli, 
bombs, etc. The peak itself is a mere remnant of a former more massive volcanic 
cone. The greater part of the cone has been removed by erosion, and the more 
resistant volcanic neck which was thus exposed has also been reduced in size by the 


same means. 
“The nature of the accumulated material, the lava beds and the cone itself, would 


indicate that the volcano might be classed as one of the intermediate type from 
which had first been ejected great quantities of ash and clastic material, which were 
followed by the flow of considerable quantities of basic lava. 

“The erosion of the lava beds has been considerable and several cross-sections of 
the beds are now exposed. It can plainly be seen that some of the first-formed beds 
were fractured soon after consolidation, and that up through the thus formed fissures 
had flowed later lava which filled the fissures and overflowed on the surface to form 


other beds.” 
CHARACTERISTICS OF THE ROCKS 


The feature of the rocks brought to the Geophysical Laboratory that 
makes them of special interest is that they are of such make-up in 
respect to component minerals and in relation of phenocrysts to ground- 
mass that it has been possible to separate them into fractional parts by 
means of hand picking, centrifuging, and chemical leaching, and then to 
make analytical and microscopic examination of the products. In this 
way the actual composition of the mineral constituents of various stages 
of crystallization has been obtained. This serves as a basis by which to 
compare the actual course of crystallization in the magma with that 
which the theory of crystal fractionation has indicated. As a prelim- 
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inary to the description of methods used and to the comparison of the 
results with theory, a short discussion of some of the pertinent features 
of the theory and their basis will be given. 


DISCUSSION OF CERTAIN FEATURES OF THE THEORY OF CRYSTAL 
FRACTIONATION, AND THEIR POSSIBLE APPLICATION 


During the past 15 or 20 years, crystal fractionation has been urged 
as the principal, if not the only important process, by which magmatic 
differentiation has been effected; and it has come to be accepted’ by many 
petrologists as a final solution. 

The basis of this theory is largely the laboratory work carried out by 
Bowen, and by Bowen and Schairer, upon the phase relations of silicates. 
Their investigations may well be regarded as examples of admirably con- 
ceived and skilfully executed research. A question that needs consider- 
ation, however, is how far the relations found in the laboratory melts may 
be looked upon as analogous to those in volatile-bearing igneous magmas 
crystallizing under pressure; and, therefore, how far the conclusions 
derived from them are applicable. 

Even if it is granted that laboratory results are directly applicable in 
spite of the difference in conditions, there is still a question whether these 
investigations have yet been carried out on a sufficiently comprehensive 
scale and on systems sufficiently close to magmas in composition to war- 
rant the sweeping conclusions that have been reached. 

Various writers have pointed out features in which, they believe, the 
behavior of magmas is not in accord with what should be expected from 
the theory of crystal fractionation. It is not the intention here to review 
the whole subject, but to give, first, a short discussion of some of the 
features involved in the application of laboratory results to differen- 
tiation of magmas, and then to apply to the problem information supplied 
by the Antarctic rocks. 

In this theory, magma of basaltic (or gabbroic) composition is regarded 
as the parent magma. The essential minerals crystallizing from such a 
magma are the plagioclases and the ferromagnesian minerals. The inter- 
relations of the plagioclases are, in principle, comparatively simple, and 
there is a firm foundation for the conclusion that during their crystalliza- 
tion the residual liquid tends to become enriched in the albite and ortho- 
clase molecules (though it does not follow that crystallization is the only 
process by which such enrichment may be brought about). On the other 
hand, the common ferromagnesian minerals form a group of the greatest 
complexity. Not only are the pyroxenes, hornblendes, and micas indi- 
vidually complex, but they are interrelated among themselves and with 

olivines and iron ores by reaction relations almost infinitely involved. 
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Of these minerals, micas ordinarily are not likely to be formed in large 
amount in basaltic or gabbroic magma. Hornblendes, however, are more 
common products, and in the theory of crystal fractionation their forma- 
tion under deep plutonic conditions has been regarded as the explanation 
of the characteristics of certain rock series, to which a hornblendic line 
of descent is ascribed, differing from what has been deduced for the 
pyroxenic line. Account must be taken, therefore, of the interrelations 
of pyroxenes, hornblendes, olivines, and iron ores, and possibly of the 
very different mineral assemblage of the eclogitic facies. 

In the development of the theory of differentiation by crystal fractiona- 
tion, extrapolations have necessarily been made from the comparatively 
simple systems investigated experimentally to the natural ones of greater 
complexity. Doubts have arisen among petrologists as to whether extra- 
polation in the manner actually followed may not have involved errors. 
For example, when account is taken of the difference that exists between 
the composition and properties of the pyroxenes used in experimental 
melts and those of the complicated silicates of FeO, Fe.0;, Al.O;, CaO, 
MgO, Cr.0;, TiO., and alkalis that form the pyroxenes of basic rocks, 
doubts may reasonably be entertained as to whether the conclusions have 
sufficient basis. The many possibilities and uncertainties that arise in 
extrapolation give much leeway for selection, and it seems possible to 
derive from the experimental results a multitude of end products, not 
only those resembling igneous rocks that occur, but many others that 
are unlike any rock that is known to exist. There is little doubt that if 
a hypothetical person who possessed full knowledge and understanding 
of the experimental data, but knew nothing of the rocks themselves, 
should attempt to use the data to derive the rocks, he would arrive at 
an almost infinite number of results. Many of these would differ widely 
from actual rocks, but would be equally probable from the experimental 
data. 

The manner in which reactions deduced for certain conditions would 
occur in a different system, such as a magma, and how the course of 
crystallization would be affected, are difficult or impossible to predict. 
A theory of differentiation that is dependent upon this extrapolation from 
simple systems to complex magmas is doubtful to the degree that these 
matters are doubtful. 

The uncertainties that arise from factors of this nature may be illus- 
trated by an example. In the investigation of the system, MgO-FeO-Si0., 
by Bowen and Schairer (1935, especially p. 164, 200 ff.), it was found 
that the monoclinic pyroxenes of this system are high-temperature forms, 
and the orthorhombic are low-temperature. This is discussed in the text 
in relation to the occurrence of these two forms in rocks, and the con- 
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clusion as to conditions of stability is extended to pigeonite and, by infer- 
ence, to somewhat more calcic members. In a footnote, however, appar- 
ently added after the body of the text had been written, and based on 
new evidence that had been brought to their attention, they qualify their 
conclusions in this manner (Bowen and Schairer, 1935, p. 203): 

“Although the above explanation of pigeonites as a metastable phenomenon seems 
acceptable for some rocks it probably does not apply generally . .. Plainly it is 
necessary to investigate pyroxene compositions of more complex character before a 
satisfactory general explanation of pigeonites is forthcoming.” * 

Attempts at elucidation of the relations among the pyroxenes as they 
actually occur in rocks have been hampered by the fact that the deter- 
mination of composition has been dependent in most cases upon determina- 
tion of optical properties in comparison with those of certain analyzed 
specimens taken as standards. The difficulty is that there are more vari- 
ables as regards composition than there are optical properties ordinarily 
determinable. To a considerable degree, CaO, MgO, FeO, Fe.0;, Al,Os, 
TiO., Cr.0;, MnO, Na.O, and K.O seem to act as independent variables 
in the make-up of pyroxenes. To what extent a change in optical prop- 
erties produced by a variation in one of these may be counteracted, or, 
on the contrary, increased, by a simultaneous variation in one or several 
of the others is imperfectly known. 

Obviously, it is desirable to know the exact composition of the pyrox- 
enes (and other minerals) that separate from a basaltic magma in the 
course of crystallization, and to see whether their separation tends to 
produce a residual liquid of the composition that the theory of crystal 
fractionation requires. Most basalts, however, are of such a physical 
make-up that it is almost impossible to separate them satisfactorily into 
their constitutent minerals, and such an attempt has rarely been made. 
Even if this were done, and the products carefully analyzed, it might 
not be possible to interpret the meaning fully. The pyroxenes repre- 
sent solid solutions varying in composition during the period of crystal- 
lization, and a bulk analysis would not show their changing trend. This 
has to be borne in mind in considering the significance of analyses of 
basaltic minerals that have occasionally been made. 

As a practical matter, it is probably impossible to make a separation 
that would give all the information indicated as desirable. Neverthe- 
less, certain conditions might render it possible to obtain much that is 
useful, and some of the Antarctic specimens from “Volcano 116” were 
of such a character as to make it seem worth while to attempt this. 


1 As regards the general sequence of deposition of orthorhombic and monoclinic pyroxenes, the dis- 
cussion of H. Rosenbusch (1908, p. 1074, 1084) indicates that the order hypersthene to augite rather 
than augite to hypersthene is the more usual one. 
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MINERALOGICAL MAKE-UP, STRUCTURE, AND TEXTURE 
OF THE 


The rock specimens evidently represent surface flows of basic lava, 
together with fragmental tuffs, all of apparently similar chemical com- 
position. Most of the work was carried out upon two specimens, No. 5 
(chiefly) and No. 10. As can be readily appreciated when one bears 
in mind the conditions under which they were collected and trans- 
ported, the specimens were all small. No. 5, after material for a thin 
section had been sawed off, weighed 33.7 grams. As the work involved 
separation by various methods into several fractions (and as some of 
the methods first tried did not give satisfactory results and led to losses), 
some of the fractions obtained for analysis were of considerably smaller 
amount than is considered desirable for general methods of analysis. 
In all the most important analyses the writer feels well assured of the 
reliability of the results, but in one or two of the less important (which 
will be specified) there is more uncertainty. 

Specimen No. 5 had an unusual appearance in some respects. The 
general groundmass was deep-brown, nearly black, and of very fine grain 
(strictly aphanitic). It contained many irregularly scattered empty ves- 
icles (blow-holes), varying in diameter from about 6 mm. down to a 
size less than that of a pin head. Some of the vesicles were lined 
with a skin of what appeared to have been bubbly lava that entered 
after most of the rock was solid. Others contain a little clayey-looking 
material that appears structureless under the microscope. Scattered 
rather evenly through the finer groundmass are fairly numerous, very 
small green crystals, which appear to be wholly olivine. Though these 
are actually visible to the naked eye, they wili be referred to, for con- 
venience, as microphenocrysts of olivine. 

The noticeable feature of the rock was the presence of three large 
nodules, consisting of an intergrowth of phenocrysts of olivine and pyrox- 
ene, together with small grains and irregular aggregates of a black 
mineral of resinous luster, later found to be picotite. The nodules were 
roughly spherical, the largest being 214 cm. in greatest dimension. 

The olivine phenocrysts of the nodules were clear yellowish green. 
They appeared wholly unaltered, except for a very thin, dull film, 
white or yellow, that was visible over some of the surfaces when the 
nodules were broken apart. Olivine formed much the larger part of the 
nodules. The pyroxene phenocrysts were curiously variable in color. 
Some were deep emerald-green; some were olive-green or smoky brown; 
and some approached the yellowish green of the olivine. When sep- 
arated mechanically and examined with a binocular magnifier, many 
showed several sets of cleavages (probably three as a maximum) and 
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a set of bands or laminae of inclined extinction. They, like the olivine, 
appeared very fresh. In a few, tiny black inclusions were present, which 
may have been picotite, but most were clear and transparent. 

A usual length of pyroxene phenocrysts was 1 to 2 mm., and of olivine 
phenocrysts 2 to 4 mm. None of the grains showed crystal faces, but 
the two minerals were molded upon each other. As to their ultimate 
derivation, it may be said that subsequent analyses indicated no reason 
to suppose they were xenoliths; they appear to have been entirely at 
home in the magma represented by the groundmass. 

The thin section of No. 5 looks very fresh. The only indication of 
weathering or other secondary change is that there is a sparse sprinkling 
of minute brownish spots, probably films of hydrated ferric oxide, and 
some of the blow-holes contain the clayey substance mentioned. In 
the later analysis, a little CO, was found, but nothing that looks like 
carbonate can be seen in this section (though it appears in sections 
of other rocks of the collection). 

The component minerals of the groundmass are in random orienta- 
tion. Most of them are too minute and too much felted together for 
such tests as optic figures to be satisfactory, but their general appear- 
ance renders most of them recognizable in a general way. The largest in- 
dividual units are the microphenocrysts of olivine. They have the char- 
acteristic appearance of olivines in basalts; that is, some grains show 
no crystal boundaries, whereas others have part of their periphery 
formed of crystal outlines and other parts deeply corroded. They show 
no indication of serpentinization or similar effects, or of giving rise to 
aggregates of iron ore through magmatic attack, though certain little 
aggregates of rounded pyroxene grains may be of such origin. These 
are not quantitatively important. 

The groundmass mineral that is present in much the greatest amount, 
though the individual crystals are minute, is pyroxene. Its high index 
and brown color (even in thin section) cause it to stand out promi- 
nently. Though it forms a large part of the section, and the crystals 
are necessarily somewhat intergrown, it displays a remarkable ability to 
form individual crystals with straight sides and definite terminations. 
They have the shape of elongated prisms. 

Scattered through the groundmass are little equant grains of iron 
ore. 

As a background for these minerals are colorless, irregularly angular 
patches, that undoubtedly consist of several minerals. One of these 
is plagioclase feldspar, recognizable by its polysynthetic twinning. The 
chemical work shows that feldspathoids also are present, and, with a 
high power objective, contact edges of the colorless minerals against 
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balsam are seen in places to have a very low index, but the feldspathoids 
are not susceptible of individual identification or even discrimination. 

In addition, the colorless patches are intersected by numerous minute 
needles of high index, which appear to be apatite. Its presence is con- 
firmed by analysis. 

In the same slide are portions of the nodules of phenocrysts. The 
olivine and pyroxene in these are irregularly involved with each other 
in smoothly flowing forms. They have the appearance of contempo- 
raneous crystallization. The small quantity of picotite is of similar out- 
line. In the thin section it is translucent, dark-brown. 

Further information on optical and other physical properties will be 
given later, but that so far given is sufficient to indicate the mineralogical 
make-up of the specimen and to serve as basis for describing the methods 
of separation employed. 

It is evident from the relations of the minerals in this rock that one 
can sharply distinguish between the early-crystallizing minerals of the 
magma, represented by the large phenocrysts of olivine and pyroxene 
and a little picotite, that formed the nodules, and the later-crystallizing 
portion, represented by the aphanitic groundmass, that formed the resid- 
ual liquid. This supplies a basis for determining the changes in the 
composition of the magma actually produced by fractional crystalliza- 
tion as compared with those that theory has supposed should take 
place. 


METHODS OF SEPARATION OF THE ROCK CONSTITUENTS 


By means of a first coarse crushing the specimen was broken up suf- 
ficiently so that portions of the groundmass free from phenocrysts 
(except the microphenocrysts of olivine distributed through it) could 
be picked out with tweezers under a binocular magnifier. Also, many 
of the phenocrysts of olivine and pyroxene in the nodules became sep- 
arated from each other, and could be similarly picked out. Inasmuch 
as the color of some of the pyroxenes approached the yellow-green 
of the olivine, care was taken in sorting that nothing doubtful should 
be included in either of the two groups. This meant that only the 
distinctly emerald-green, olive-green, and brown crystals of pyroxene 
were selected for its group, and characteristic crystals of olivine were 
similarly selected. At a later stage of the work the readiness of solution 
of olivine in acids, compared with the refractoriness of pyroxene, was 
utilized for preparing another sample, but the first separation was 
by hand picking. 
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Thus, three portions were obtained: 


5A—aphanitic groundmass with microphenocrysts of olivine distributed through 
it 

5B—phenocrysts of olivine from nodules, uniform in color and appearance 

5C—phenocrysts of pyroxene from nodules; emerald-green, olive-green, and 
brown. 


The analyses of these three portions are shown in Table 1. 


TaBLeE 1—Chemical analyses 


5B 5C 
Olivine Pyroxene 
5A phenocrysts phenocrysts 
Groundmass from nodules from nodules 
(per cent) (per cent) (per cent) 

3.65 0.82 0.58 
vate 4.02 0.10 n.d. 

100.28 


COMPOSITION OF PHENOCRYSTS OF OLIVINE AND PYROXENE 
AND OF GROUNDMASS 

Only a few comments will be made at this point regarding the 
analyses of the phenocrysts of olivine and pyroxene. 

In the olivine, very small amounts of Na.O and K,O were found, 
and an appreciable amount of Fe,O;. It is uncertain whether the pres- 
ence of alkalis and the higher oxide of iron should be attributed to 
the almost imperceptible, dull film that appears on some of the surfaces 
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of the grains, or whether they are component parts of the olivine. Cal- 
culation of the molecular quantities of the analysis, including all con- 
stituents found, but reckoning Fe.O, as FeO, gives: 


0.6831 Ratio of bases to SiO, 
1.2426 

-0006 

.0015 


It appears that the olivine phenocrysts correspond to common chryso- 
lites. The MgO content is rather high. 

In the pyroxene analysis, the paucity of material rendered it neces- 
sary to use only 0.1779 gram for the main determinations, and pre- 
vented the determination of H.O+ and alkalis. Otherwise, nothing 
appears amiss. Molecular numbers are: 


-0036 


The high magnesia content places the mineral in the enstatite sec- 
tion of orthorhombic pyroxenes. A striking feature is the large amount 
of bases present. The protoxides alone give a molecular sum of 0.9534, 
and the other bases bring this to 0.9851, in comparison with 0.9033 
silica. It departs considerably from the composition of a metasilicate. 

Attention may be called here to the very low calcium and aluminum 
oxides and the rather low iron oxides, to be compared later with the 
amount of these oxides in the pyroxenes of the groundmass. 

The Cr.0,; probably accounts for the emerald-green color that ap- 
pears in many of these crystals. 


NATURE OF THE GROUNDMASS 


In order to obtain more information on the minerals present in the 
groundmass, a sample of the powder was boiled for 20 minutes with 
HCl of about one to five concentration. The solution was filtered off, 
and the well-washed residue was digested in a gold basin with strong 
NaOH solution. The composition of the material extracted by these 
two reagents was determined. This is called 5A-A,. 

The treatment with weak HCl would decompose olivine, magnetite, 
ilmenite, feldspathoids, carbonates, and apatite, and take their bases 
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into solution. Digestion of the residue with strong NaOH would dissolve 
the amorphous SiO, set free. The results, in percentages of the whole, 
are shown in Table 2. 


Taste 2.—Analysis 5A-A:; (per cent) material extracted from groundmass of 
Antarctica No. & by digestion with HCl and NaOH 


19.65 send 7.65 

Total extraction........ 53.55 


* Not directly determined, but figure given is that of the total P,O, in 5A, as 
this would be completely dissolved. 


The evidence is good that only the minerals mentioned were decom- 
posed, and that the pyroxene and feldspar were not attacked; otherwise, 
more CaO would have been extracted. The small amount of CaO found 
is not quite sufficient to combine with the P.O, and CO., and probably 
some of the carbonate is FeCO;. Decomposition of pyroxene and feldspar 
having thus been eliminated from consideration, the Na,O, K,O, and 
Al.O, extracted may be confidently attributed to feldspathoids. For the 
same reason, one may attribute the MgO to the microphenocrysts of 
olivine. 

Most of the groundmass of No. 5 is so fine-grained that there can be 
no question but that it represents a quickly chilled liquid. The micro- 
phenocrysts of olivine, however, were probably formed before the final 
chilling. Some petrologists may regard them as having settled from a 
higher level, and may think that the composition of 5A should not be 
regarded as that of a portion wholly liquid at one time. The writer sees 
little reason for this interpretation, but to satisfy such a belief, one can 
subtract the microphenocrysts of olivine from the total composition. 
This can be done to a close approximation by allotting to the MgO leached 
out a little more FeO than was found in the olivine phenocrysts (5B), 
and enough SiO, to form an orthosilicate with the bases. 

Therefore, to the 7.65 per cent MgO extracted by leaching, will be 
allotted 1.53 per cent FeO and 6.36 per cent SiO., and these will be sub- 
tracted from the analysis of 5A and the remainder recalculated to 100 
per cent. The figures thus obtained are given in Table 3. 
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ULTRABASIC CHARACTER OF THE GROUNDMASS, AND ITS 
SIGNIFICANCE WITH RESPECT TO CRYSTAL 
FRACTIONATION 


The results given in Table 3 are naturally somewhat different from 
those given for 5A, but both analyses represent ultrabasic rocks. No. 5A, 
in spite of its microphenocrysts of olivine, was probably wholly liquid 
a short period before eruption. As will be shown later, it contains about 
61 per cent of modal ferromagnesian minerals. If one wishes to exclude 
the microphenocrysts as possibly representing crystals that had settled 
from an overlying part of the magma body, and prefers to take the com- 
position given in Table 3, he has, nevertheless, an ultrabasic magma, 
unquestionably liquid, that was extruded as a surface flow. One may 
now enquire how this fits in with the theory of crystal fractionation. 

Bowen (1928, p. 168) says: 

“Among the uniformly aphanitic (aphyric) rocks there are none that remotely 
approach ultrabasic compositions. Among porphyritic rocks with an aphanitic base 
there is a greater approach to such compositions but the degree of approach is 
dependent upon the — of relatively large phenocrysts of the minerals char- 
acteristic of the ultrabasic rocks. These porphyritic rocks have no aphyric equiva- 
a and must be formed by the accumulation of crystals of their porphyritic 
elements.” 


Taste 3—Composition (per cent) of groundmass on Antarctica No. & after 
microphenocrysts of olivine have been subtracted 


Applying this (supposed) relation to the porphyritic magma-type of 
Mull, he (Bowen, 1927, p. 92) says: 


“Always some of the feldspar occurs as phenocrysts. There is only one conclusion 
to be reached and that is that the porphyritic feldspar never was in solution in the 
liquid now quenched to an aphanitic or partly glassy groundmass. The pheno- 
crysts represent a certain excess over any liquid.” 


Even if these phenocrysts are always present, the conclusion as to the 
only possible explanation is clearly a non sequitur. 

Bowen’s explanation of the origin and significance of ultrabasic rocks 
involves the assumption that, because no evidence of the occurrence of 
ultrabasic rocks without phenocrysts was found recorded, no such rocks 
exist, and that, therefore, there are no wholly liquid magmas of such 
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composition. Sufficient consideration should also be given to the possi- 
bility (or probability) that, though ultrabasic rocks may commonly con- 
tain phenocrysts, their fine-grained groundmass itself may be ultrabasic 
if the phenocrysts are removed. In Antarctica No. 5, after phenocrysts 
of all kinds are eliminated, the aphanitic residue, representing a wholly 
liquid magma, is still of ultrabasic composition. The chief reason why 
similar evidence has not been found on record may be, not that it does 
not exist, but that it would require special research, similar to that of 
the present investigation, to find it. 

Ultrabasic rocks are comparatively uncommon, and possibly most of 
them contain phenocrysts of basic minerals. In a few places there is 
good evidence that such phenocrysts have settled from higher levels in a 
magma, but it hardly follows that their presence should always be so 
interpreted. It is doubtful if direct evidence of any kind for the settling 
or rising of crystals in significant amount has been satisfactorily estab- 
lished except in a comparatively few instances, and even in some that 
have been regarded as classic examples, later investigations have indi- 
cated other explanations as more probable (Barksdale, 1937). 

On the other hand, countless bodies of igneous rock are known in which 
the composition is apparently homogeneous for vertical distances of 
hundreds or thousands of feet. Notwithstanding this situation, the advo- 
cates of crystal fractionation make the settling or rising of crystals by 
gravity an important feature of the theory. A chief argument is that 
the difference in specific gravity between crystals and liquid must neces- 
sarily bring about relative movements. Theory rather than observation 
is favored. 

Without going farther into this matter, it may be emphasized that the 
results from the Antarctic rocks show the possibility of the existence of 
wholly liquid ultrabasic magmas. 


COMPOSITION OF GROUNDMASS PYROXENES 


On a preceding page the compositions of the groundmass of No. 5 and 
of the olivine and pyroxene phenocrysts of this rock have been given. 
The composition of the pyroxenes of the groundmass was also necessary 
for comparison with that of the phenocrysts. The approach had to be 
indirect, and the results lack the higher precision of those already given, 
but, by two essentially distinct methods, satisfactorily accordant results 


were obtained. 
The digestion of the rock powder with HCl and with NaOH extracted 


all the minerals of the groundmass except pyroxene and feldspar (and 
the trace of picotite present), but these minerals were resistant to the 
chemical treatment. 
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The composition of the residue is obtained by subtracting from 5A the 
quantities extracted by leaching (Table 4). 

The residue consisted of tiny crystals of pyroxene and feldspar. The 
mean index of the feldspar was about 1.555, corresponding to 45 per cent 
anorthite. A little of the orthoclase molecule would naturally be asso- 
ciated with albite to make up the remainder of the feldspar, and their 
ratio was assumed, somewhat arbitrarily, to be 744 Or to 474% Ab. 


Taste 4.—5A minus (5A-A;), composition of residue left by 
leaching the groundmass 


Same, 
recalculated 
Per cent to 100 per cent 
(total iron) 


The relative amounts of pyroxene and feldspar in the powder were 
estimated by microscopic examination as 75 to 25. Also, the ratio of 
FeO to Fe.0, in the pyroxene was assumed to be the same as in specimen 
No. 10 (to be described). None of these assumptions is exact, but prob- 
ably none is far wrong. 

A simple arithmetical calculation of the composition of the groundmass 
pyroxene gives the results shown in Table 5. 

This represents the composition of the groundmass pyroxene of No. 
5A, as deduced by one of two methods. 

Serious attempts to separate the pyroxene of the groundmass of this 
specimen from the feldspar by means of heavy liquids were unsuccessful. 
The two minerals of the fine powder flocculated. Later, it was found 
that, with the powder of specimen No. 10, centrifuging was efficient, but 
by this time most of No. 5 had been used up. However, the results ob- 
tained by centrifuging the similar specimen No. 10 were very helpful in 
confirming those of No. 5. 
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In the thin section of No. 10 the groundmass appears similar to that 
in No. 5, but is of even finer grain. There are no phenocrystic nodules 
present, but the crystals of olivine dispersed through the groundmass 
are somewhat more numerous and of larger size than in No. 5. Some of 
thera are surrounded by reaction rims of fine-grained minerals, appar- 
ently pyroxene. There are also fairly large crystals of pyroxene. It 
looks as if the olivine and pyroxene phenocrysts that in No. 5 were 
aggregated in nodules were represented to some extent in No. 10 by the 
increased amount of these minerals scattered through the groundmass. 


Tasie 5.—Calculated composition of groundmass pyroxene 
of Antarctica No. 6 


Molar 
Per cent quantities 


There is a little carbonate visible in the section, and its yellow color may 
indicate some content of FeCO;. A little picotite and a little clay (in 
cavities) are present. In general, the appearance is very fresh. 

The first work done on specimen No. 10 was a leaching of the powder 
with HCl and with NaOH (as with No. 5) and analysis of the residue. 
Table 6 shows the results. 

The figures are similar to those of the leached residue of 5A (Table 4). 

In the course of the work it became increasingly evident that exact 
knowledge of the composition of the groundmass pyroxene would require 
its complete separation from associated feldspar. Another sample of 
No. 10, coarsely powdered, was digested for a long time with strong, hot 
HCl, and then with NaOH. The residue was washed successively with 
hot water, weak HCl, hot water, and alcohol. The dried material was 
rubbed very gently in an agate mortar, and was sifted on a 100-mesh 
sieve to remove the more resistant lumps and the larger crystals of pyrox- 
ene. Some picotite also was removed in this operation. 
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Taste 6.—No. 10A—analysis ( per cent) of leached residue of 
Antarctica No. 10 


Through the kindness of E. Posnjak, the powder of less than 100 mesh 
so prepared was centrifuged several times in his apparatus, tetrabrome- 
thane being used as a suspending medium (sp. gr. = about 2.96). After 
each centrifuging the lighter material (mostly feldspar) was drawn off. 
The final powder of pyroxene was washed with benzol. Its color, when 
dry, was rather peculiar for pyroxene. It corresponded closely to Ridg- 
way’s pale vinaceous drab. When moist, it was darker, but still had a 
tinge of lavender. Analysis gave the results shown in Table 7. 

Microscopic examination of the powder of 10B thus prepared shows 
myriads of tiny prismatic crystals of pyroxene, most of them free from 
attachment and of nearly perfect form. There is, however, a very little 
feldspar still present, generally intergrown with the pyroxene. The figures 
of the analysis should therefore be corrected for feldspar, but the crystals 
of feldspar are so very minute (and seem to be in the form of thin plates) 
that it has not been possible to determine their index satisfactorily. One 
may, however, make use of the analyses 10A and 10B to obtain the com- 
position of the feldspar by graphic construction, as shown in Figure 1. 

The basis of construction is as follows: The percentage amounts of 
the principal constituents (calculated to 100 per cent) are plotted with 


Taste 7.—Antarctica 10B—mizture (per cent) of grouwndmass py- 
rozene with a little feldspar, obtained by acid and alkali digestion 
and centrifuging of Specimen No. 10 
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Ficure 1—Graphic construction for determining composition of feldspar and 
pyroxene in Specimens 10A and 10B 


(B) Composition of the mixed sample 10B (by analysis); (C) composition of the mixed sample 10A 
(by analysis); (D) composition of feldspar (by construction); (A) composition of pyroxene free from 
feldspar (by construction). 
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respect to silica in the usual manner. Now, 10B consists of pyroxene 
with a very little feldspar, and 10A consists of pyroxene with much more 
feldspar. As the feldspar contains no ferrous iron, ferric iron, or mag- 
nesia, the three lines passing through these respective constituents, in the 
two samples, if prolonged to the right, should theoretically meet at a single 
point on the zero base line. 

The two irons fulfill this condition almost exactly, and magnesia 
requires little adjustment. The point so determined (taken as 62.25 per 
cent) represents the amount of silica in the feldspathic component. The 
alkalis, lime, and alumina of the feldspar are determined by the inter- 
sections of the respective lines for these, prolonged to the right, with 
the vertical ordinate erected at 62.25 silica. The percentage amounts so 
determined, when all are recalculated to molecules, should satisfy the 
requirements of the feldspar formulae. The agreement, although not 
exact, is surprisingly close. The feldspar composition so determined, 
with a little adjustment, is as follows: 


Per cent 
SiO. 62.25 
Al,Os 22.25 
Na,O 4.70 
7.10 
CaO 3.60 


This is believed to be very close to the composition of the feldspar 
grains that are mixed with the pyroxene. The next step is to deduct the 
appropriate amount of feldspar of this composition from 10B. There is 
some uncertainty as to the exact amount to be deducted, but the micro- 
scopic examination indicates that it is not more than a few per cent. 
The lines of Figure 1 are, therefore, prolonged to the left as far as 47.00 
per cent SiO., and the amount of each constituent thus obtained can be 
read from the diagram (Table 8). 

With the constituents given in Table 8 should be included about 2.35 
per cent TiO., 0.12 per cent Cr,O;, and 0.12 per cent MnO. The TiO, 
and MnO doubtless are actual constituents of the pyroxene; part of the 
Cr,0;, may be from mechanically included picotite. 

It is interesting to compare the composition of the groundmass pyroxene 
of No. 10 (Table 8) with that of No. 5 (Table 5) and to note the close 
similarity of results obtained by two very unlike methods. Doubtless, 
neither represents exactly the composition of the groundmass pyroxene 
of these rocks, and, doubtless, there is some actual variation between the 
two specimens, but the similarity of results gives a feeling of confidence 
that these are close approximations to the actual compositions. The 
chief point of uncertainty in the results obtained by these indirect methods 
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Taste 8.—Calculated composition (per cent) of groundmass pyroxene 
of Antarctica No. 10 


is the exact amount of feldspar that should have been subtracted from 
the pyroxene-feldspar mixtures to arrive at the composition of pure 
pyroxene. Several trial calculations have been made, deducting other 
amounts of feldspar than those already recorded and it was found that, 
with any deduction that seemed reasonable, the essential chemical 
characteristics of the groundmass pyroxene are not changed in any im- 
portant respect. 


COMPARISON OF COMPOSITION OF PYROXENE PHENOCRYSTS 
AND GROUNDMASS PYROXENE 


For comparison, the composition of the phenocryst pyroxene (5C) and 
that of the groundmass pyroxene of Specimen No. 5 are shown in Table 9. 

The great difference between the two is evident. In passing from the 
phenocrysts to the groundmass pyroxene, SiO, decreases somewhat, MgO 
decreases greatly, Al,O; and CaO increase greatly, and total iron increases 
moderately, from 6.55 to 9.28 per cent if calculated as Fe,0;. Not only 
has iron in the pyroxene increased, but so much iron was thrown into the 
residual liquid by the crystallization of the phenocrysts that not all of it 
was able to enter the groundmass pyroxene, and the excess crystallized 
as magnetite. Probably in no respect, except in decrease of MgO, would 
results that have been arrived at in experimental melts lead one to expect 
that the change of composition of pyroxenes during crystallization would 
take this course. 


ADDITIONAL INFORMATION ON PYROXENE PHENOCRYSTS 


It will be recalled that the pyroxene phenocrysts used for analysis 5C 
were distinctly colored, but that other phenocrysts of pyroxene resembling 
those of olivine were present. An analysis of the latter type of pyroxene 
was made, of which the results confirm satisfactorily those of 5C. 

A mixture of phenocrysts of pyroxene and olivine had been put aside 
because the two minerals were too similar in appearance for visual selec- 
tion. These were subjected to leaching with HCl and NaOH in the man- 
ner that had worked so successfully in previous experiments. It was 
expected that olivine would thus be removed, but the mistake was made 
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TasLe 9.—Comparison of pyroxene phenocrysts and groundmass 
pyroxene of Antarctica No. & 


Pyroxene Groundmass 
phenocrysts pyroxene 
(per cent) (per cent) 


that, instead of crushing the crystals to pass 100 mesh before treatment, 
they were used in rather coarse grains, and digestion with HCl was not 
sufficiently prolonged. After the succeeding analysis had been partly 
completed, the results that were appearing did not seem correct and, 
when the sample was examined microscopically, a little olivine was seen 
to have escaped decomposition and to be present. The analysis was 
completed, however, and gave the determinations shown in Table 10. 

The amount of material available for analysis was so small that only 
0.1492 gram was used for the main portion of the analysis and 0.1005 for 
alkalis, and only the H.O driven off at 150° C. was determined, but, 
except for a rather low summation, the results appear reliable. 

In order to eliminate approximately the effect of olivine, the method of 
graphic construction shown in Figure 2 was used. If the composition of 
5D-F and that of the olivine phenocrysts of 5B are plotted as shown, the 
composition of the pyroxene alone will lie at some place on the prolonga- 
tion to the right of lines drawn through corresponding points of the 
two. There is, of course, nothing in the principles of the construction 
to determine how far to the right the lines should be prolonged. That 
must be governed by the relative amounts of olivine and pyroxene in 
5D-F, as judged by microscopic examination, and it is somewhat uncer- 
tain. The ordinate at which the lines have been stopped (53 per cent 
SiO.) represents 83.5 per cent pyroxene and 16.5 per cent olivine. Stop- 
ping the lines at any other probable point will still give a composition that 
is in good general agreement with that of 5C, and (of equal importance) 
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will differ from 5C, with respect to each constituent, in the direction 
required by the laws of crystallization (as will be shown immediately). 
The construction gives the composition of the pyroxenes of 5D-F as 
shown in Table 11. 


Taste 10.—Antarctica 5D-F—mizture (per cent) of pyroxene 
phenocrysts with a little olivine ° 


1.57 (at 150°)...... 0.37 
35.70 99.50 


The pyroxene phenocrysts of this second analysis were found to differ 
somewhat from that of the first analysis. There should be a difference, 
as will appear from the following considerations: In both samples the 
phenocrysts were from the nodules of Specimen No. 5, but they represented 
solid solutions of which the composition would change as crystallization 
progressed. This change would occur if they were the only minerals 
crystallizing, but it would be affected also by the simultaneous crystalli- 
zation of olivine. Both these effects would probably tend to reduce 
progressively the content of MgO in the residual liquid. This expectation 
is borne out by the reduction of MgO found in the groundmass (Tables 
1,9, and 13). As for the other basic constituents of the melt, no general 
principles seem applicable, but, from the composition of the groundmass, 
it is evident that all these, except Cr.O;, were becoming concentrated in 
the residual liquid. As this concentration progressed, the pyroxenes and 
olivines would tend to vary in accordance, and would take up as much 
of these other constituents as they were able, but this evidently was not 
sufficient to prevent the residual liquid from becoming more and more 
concentrated in all basic constituents except MgO and Cr.03. 

The pyroxene phenocrysts of the two analyses (5C and 5D-F) are 


Taste 11—Composition (per cent) of pyroxenes of Antarctica 5D-F, , 
as obtained by construction 


(total Fe) 


Some TiO», Cr.0;, and MnO also are present. 
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Ficure 3.—Change of composition of pyroxene of Specimen 6A during crystallization 


(L) Pyroxene phenocrysts of early crystallization (from analysis 5 C); (K) pyroxene phenocrysts of 
later crystallization (from analysis 5 D-F); (H) minute pyroxenes of groundmass (calculated from 
analysis 5A minus (5A-4A:) ). 
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necessarily somewhat mixed, in the samples analyzed, in respect to the 
stage of crystallization that they represent, but, as those of 5C were mostly 
of distinctly green color (and relatively high Cr.O; content), the method 
of selection included, with this sample, phenocrysts that were prevailingly 
of early crystallization, and the light-colored phenocrysts of 5D-F were 
prevailingly of late crystallization. The variation in the amounts of the 
several constituents found, as shown in Figure 3, is in accord with the 
requirements. MgO decreases in passing from 5C to 5D-F, and all the 
other major basic constituents increase. In other words, the variation in 
composition in passing from pyroxene phenocrysts of early crystallization 
to those of late crystallization reflects appropriately the increase or de- 
crease of constituents in the residual liquid. 


PICOTITE 


Mention has been made several times of the presence of picotite in the 
specimen. By various means, a little picotite was separated for analysis. 
Part was picked out by hand where it seemed possible; another part was 
obtained by treatment of mixed material with H.SO, and HF, the picotite 
being only slowly acted upon by these reagents. About 0.02 gram was 
obtained, and even this small amount may not have been pure. The 
analysis, therefore, should be looked upon as only semi-quantitative. The 
results obtained were as follows: 


Per cent 
FeO 13.57 
MgO 18.00 
Cr.03 34.51 
Al,O3 33.17 
Total 99.25 


The mineral is mostly of early crystallization, being intergrown with 
olivine and pyroxene phenocrysts in the nodules, though a little went into 
the groundmass. Cr.O, tended te be eliminated early, both by the forma- 
tion of picotite and by the inclusion of Cr.0; as a component of pyroxene 
phenocrysts. Little was found in either the pyroxene of the groundmass 
or in the groundmass as a whole. 


CHANGES OF COMPOSITION OF MAGMA EFFECTED BY 
CRYSTALLIZATION OF PHENOCRYSTS 


As already shown, the composition of the various constituents of Speci- 
men No. 5 are: olivine phenocrysts, two groups of pyroxene phenocrysts, 
picotite, and groundmass. If the proportions of these constituents were 
known, one could calculate the composition of the specimen as a whole, 
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but no more than an estimate can be made. It will be of some interest, 
however, to make such a calculation with the best figures that can be 
estimated, and compare this with the composition of the groundmass, 
for the purpose of deducing the change of composition, from magma as 
a whole to residual liquid, that was brought about by the separation of 
phenocrysts. 

Although the uncertainty as to the amounts of the various constituent 
portions of the rock prevents making an exact computation of its compo- 
sition, the comparison will have this validity: The relations of the prin- 
cipal chemical constituents of the phenocrysts to those of the groundmass 
are such that, with any reasonable estimate of quantities of the various 
portions of rock, the trend of change from rock as a whole to groundmass 
will be preserved. For example, all the phenocrystic constituents (olivine 
and two groups of pyroxene) have so much higher magnesia than the 
groundmass that, no matter how much of each phenocrystic mineral is 
assumed to be present, the crystallization of phenocrysts will have reduced 
the concentration of magnesia in the residue. Likewise, the alumina 
content of each is so low that alumina will have been increased in the 
residue. 

Assume, as an approximation, that Specimen No. 5 as a whole was made 
up as follows: 


Groundmass (5A) = 12 parts 

Olivine phenocrysts (5B) = 4 parts 

Early pyroxene phenocrysts (5C) = 1 part 
Late pyroxene phenocrysts (5D-F) = 1 part 
Picotite = 0.155 part 


These, taken together, give the figures in the first column of Table 12. 
In the second column the composition of the groundmass is repeated for 
comparison. 

From the manner in which all the data applicable to the matter fit to- 
gether in their proper relations, the writer feels justified in repeating 
here the statement made on an early page, that the phenocrysts seem 
to be a normal constituent of the magma represented by the groundmass. 

The theory of crystal fractionation has indicated the trend of changes 
in the composition of residual liquids that are supposed to be brought 
about by crystallization. A comparison of the figures in the two columns 
of Table 12 shows (not exactly, but approximately) the actual changes 
that have been effected. It would be difficult to find in these figures 
any confirmation of the theoretical views that have been expressed. 
Even if the phenocrysts should be regarded as having settled from san 
overlying portion of the magma, that portion itself was presumably 
originally a part of a fairly homogeneous melt that included the lower 
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TasLe 12.—Calculated composition of specimen No. 5 


groundmass Groundmass 
(Per cent) (Per cent) 


0.01 0.01 

0.76 


part in which the phenocrysts are now found. Separation of phenocrysts 
from this upper magma would have left a residual melt in which the trend 
of change would have been in the same direction as that indicated in 
Table 12. 

MODAL COMPOSITION OF GROUNDMASS 


A calculation which can be made with considerable confidence from the 
data at hand is the quantitative modal composition of the groundmass, 
expressed in terms of the chemical composition of each mineral. The com- 
position of each of the most important minerals—pyroxene, feldspar, and 
olivine microphenocrysts—has been shown. The actual amount of the 
olivine microphenocrysts has also been given, based on the amount of MgO 
extracted by leaching. The insoluble residue from leaching, of which the 
amount is also known, consisted of pyroxene and feldspar in certain pro- 
portions. Therefore, the amount of each in the groundmass as a whole 
may be calculated. Some of the minor minerals are easily deduced. 
Apatite is found by allotting to P.O, sufficient CaO. To CO, is allotted 
the remaining CaO extracted by leaching, and, as this is not quite sufficient 
to satisfy it, the balance is made up with FeO. FeCO, rather than 
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MgCO, is assumed, because of the faint yellow of the carbonate in thin 
sections. The amount is too small to make the matter of significance. 

Sulfur is allotted to pyrrhotite rather than to pyrite, for, in the deter- 
mination of CO, by decomposition with HCl, the gas that came off, when 
passed over the standard train of reagents introduced for absorbing every- 
thing except CO., caused a slight blackening of the anhydrous CuSQ,, 
indicative of H.S set free. Pyrite would not have been decomposed by 
the dilute HCl used. TiO, extracted by leaching is allotted to FeTiO;. 
The remaining iron in the leaching solution is calculated as magnetite. 

There remain to be accounted for only the Na,O, K.O, and Al,O, that 
were extracted, together with the portion of the SiO, extracted, that did 
not represent the microphenocrysts of olivine. Presumably, these constitu- 
ents were present in the groundmass as feldspathoids, and, most likely, 
as leucite, nepheline, and analcite. Just how they were distributed in 
actual modal minerals is not of as much significance as it is to know of the 
presence of a considerable amount of feldspathoids. They have been cal- 
culated, in what seemed a probable distribution, and the final results are 
given in Table 13. 


TaBLe 13—Total modal mineral composition of the groundmass of Antarctica 5A (in 
percentages of the whole) 


2 
Total... ./34.35/15.54/5.48/0. 86/5. 18/6. 49/3 90/1 


Total of all constituents = 97.55 
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Although absolute accuracy cannot be claimed for the results in Table 
13, they are believed to be close approximations. 

It is doubtful if there is any wholly reliable means of determining 
the modal mineral composition of igneous rocks, especially basic ones, 
other than by such methods as have been used in the present investi- 
gation. In some of the coarse-grained siliceous rocks, that consist of 
little except quartz and feldspars, Rosiwal measurements give a reason- 
ably close approximation to the quantities of minerals present, but even 
in these the amounts of potash and soda in the feldspars may vary 
considerably without much change of optical properties or other means 
of determination outside of chemical analyses. In coarse-grained rocks 
of more basic composition, the modal mineral composition (in the sense 
of the amount of each mineral present) is again determinable by Rosiwal 
measurements, but there is the added uncertainty of the variable com- 
position of the ferromagnesian silicates. The results of the present 
investigation emphasize this point, in that, very little approximation 
to the composition of the pyroxenes could probably have been derived 
without analyses. In rocks of finer grain, either siliceous or basic, the 
mechanical uncertainties inherent in Rosiwal measurements are in- 
creased. Furthermore, most analyses of ferromagnesian silicates have 
naturally made use of minerals that could be easily extracted from 
coarse-grained rocks, and little information of desirable exactitude is 
available regarding the composition of fine-grained minerals of this 
class, or of the manner in which their optical properties vary with 
composition. 


CLASSIFICATION OF SPECIMENS AS OLIVINE FOURCHITES 


So far in this paper, these Antarctic rocks have been designated 
simply as ultrabasic. More specific designations may now be considered. 
The names used for ultrabasic rocks have been employed with some 
variation by different authors, as Knopf (1936) has recently shown. 
Knopf gives a full discussion of the terminology of such rocks, and, 
among the somewhat conflicting usages, he has selected the application 
of terms that seems to him preferable. His choice of terms will be 
followed here. 

In respect to the inclusive term “lamprophyre” he says (Knopf, 1936, 
p. 1748): 

“The term lamprophyre is used in this paper only for mesotype (= mesocratic) or 
melanocratic rocks carrying solely ferromagnesian phenocrysts in an aphanitic or 


microgranular groundmass, and in which the ferromagnesian minerals in the ground- 
mass show notable idiomorphism.” 


The Antarctic rocks comply fully with this description. 
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The more specific term “fourchite” is thus defined (Knopf, 1936, 
p. 1750): 


“Tt is... proposed here to use the name ‘fourchite’ for the lamprophyres in which 
titanaugite predominates, among the mafites, and ‘camptonite’ for those in which 
barkevikite predominates. If they contain olivine also, they are called respectively 
‘olivine fourchite’ and ‘olivine camptonite.’” 


Knopf gives a chemical analysis of a specimen from one of his olivine 
fourchite dikes that was examined in detail. His description (Knopf, 
1936, p. 1751) shows it to be very like that of the groundmass of the 
Antarctic specimen, No. 5A, as appears in the following comparison 
[bracketed notes refer to 5A]: 


“Tt is a heavy trap-like rock (Sp. Gr. 2.95) [which is very close to that of the 
groundmass of 5A] with many small phenocrysts of augite and olivine. The olivine 
makes up 11.2 per cent by volume [15.34 by weight in 5A]; it is a magnesian variety 
(y = 1.700, a = 1.660). [Compare analysis of 5B.] The augite, notable for its 
conspicuous hour-glass structure and strong dispersion [groundmass pyroxene of 
No. 5 has conspicuous zonal structure], comprises 28.1 per cent by volume [34.35 
per cent by weight in 5A] and gives rise to a seriate porphyritic fabric in which even 
the smallest individual is euhedral [conspicuously true in 5A]; it is a titanaugite, 
with ZAc = 52° [maximum of 57° in 5A; varying in different zones of a single 
crystal]. Both olivine and titanaugite contain inclusions of picotite, and the 
titanaugite contains also abundant apatite. [The last is not true of 5A.] Reddish 
biotite is a minor constituent [not present in 5A]. ... The matrix inclosing the 
mafic minerals is colorless; it consists partly of plagioclase but mainly of anorthoclase 
crowded with apatite needles [texture similar in 5A, but feldspars different]... . 
Analcite is present in smell amount [probably several feldspathoids in 5A]... . Iron 
ore is relatively abundant.” 


The close mineralogical resemblance to 5A in all important respects 
is evident. The similarity in chemical composition is shown in Table 14. 

In accordance with Knopf’s views, Specimen 5A should be regarded 
as an olivine fourchite. 


DATA ON SPECIFIC GRAVITIES AND OPTICAL PROPERTIES 


The specific gravities of the minerals and groundmass of Antarctica 
No. 5 were determined by H. E. Merwin, using a Clerici solution. 

CLEAR OLIVINE PHENOCRYSTS: The gravities of several crystals were 
almost identical—3.325 down to possibly 3.315. 

TRANSPARENT TO TRANSLUCENT PYROXENE PHENOCRYSTS: The gravities 
varied somewhat. 


Crystal No. 1: 3.318 

Crystal No. 2: 3.283 

Crystals Nos. 3 and 4: 3.277. 

Crystal No. 5: 3.320. The color of the last was dark olive green. No 
inclusions were visible. 


| 
q 


396 Cc. N. FENNER—OLIVINE FOURCHITES FROM ANTARCTICA 


~ 


PIECES OF FINE-GRAINED GROUNDMASS: 
No. 1: 2.976 


Nos. 2 and 3: 2.946 
Nos. 4 and 5: 2.936 


Taste 14—Composition (per cent) of Antarctica 5A compared 
with specimen of olivine fourchite from Spanish Peaks, Colorado 


5A Peaks 

100.35 100.00 

Die 100.28 99.98 


Antarctica 5A: C. N, Fenner, analyst. 
Spanish Peaks specimen: R. B. Ellestad, analyst (Knopf, 1936, p. 1753). 


Determinations of optical properties of phenocrystic olivine were 
made on crushed fragments in immersion liquids. There was little varia- 
tion. The optic figure was a nearly straight bar; the sign seemed to be 
positive. The indexes obtained on various grains were 


a = 1.650, 1.651 
6 = 1.673, 1.676, 1.675, 1.677, 1.677 
y = 1.686, 1.687, 1.687 
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The data are consistent with the high magnesia content found by 
analysis. 

Pyroxene ph -ocrysts were variable in color, specific gravity, and 
in the presence or absence of intergrown lamellae of clinopyroxene. Dif- 
ferences of composition thus indicated are further shown by the two 
analyses 5C and 5D-F. From results obtained in the measurement 
of refractive indexes in immersion liquids, it seems certain that in some 
instances these differences of composition extended to different portions 
of a single crystal. Not only did one crystal vary from another in its 
indexes, but variations of indexes of oriented fragments of a single 
crystal were found. This applies especially to the emerald-green and 
olive-green pyroxenes. The following data on crystals of this group 
show results that were obtained, but the highest indexes (y) may apply 
to one portion of a crystal, and the lowest (a) to another. 

These phenocrysts are tabulated below in two groups, corresponding 
to the analyses. Indexes should not be regarded as closer than + 0.002. 

Group 1.—Emerald-green to olive-green and brown phenocrysts. 

Crystal No. 1. a = 1.681 6 = 1.685 y = 1.707. Sign positive. r prob- 
ably > v. One set of cleavage planes is symmetrical with respect to 
optical symmetry; two others are inclined. 

Crystal No. 2. a = 1.671-1.672 6 = 1.680-1.683 y—1.687. Three 
sets of cleavage planes in a single zone are present. In same zone, 
lamellae of clinopyroxene are found. 

Crystal No. 3. a uncertain 6 = 1.690 y = 1.708-1.716. Sign positive. 
No cleavage or lamellae of inclined extinction observed. 

Crystal No. 4. a = 1.665 6 = 1.671 y = 1.677. Cleavage parallel with 
extinction. No lamellae of inclined extinction present. 

Crystal No. 5. a = 1.663 6 = 1.672 y = 1.677. Sign positive. Cleavage 
parallel with extinction. Lamellae of clinopyroxene present. 

A considerable variation of indexes is apparent. One of the causes 
was probably varying amounts of the minor constituents Cr,O, and 
TiO,. The results bear out the point previously made, that optical prop- 
erties are an uncertain guide to the composition of pyroxenes. 

Group 2. Yellowish green phenocrysts. Determinations were made on 
crushed fragments representing a mixture of many crystals. 


a = 1.662, 1.663, 1.662, 1.666, 1.666, 1.666 
6B = 1.677, 1.673, 1.673, 1.673, 1.673, 1.674, 1.674 
y = 1.685, 1.684, 1.683, 1.683 


Cleavages parallel with two or perhaps three of the pinacoid planes. 
Lamellae of clinopyroxene present in some fragments. 

A curious feature of the pyroxene phenocrysts is that crystals showing 
variations in chemical composition and optical properties became 
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agglomerated and molded upon each other and upon olivine and picotite 
in the nodules. A possible explanation is that phenocrysts of olivine and 
pyroxene, and microphenocrysts of picotite, that had been formed over 
a rather prolonged period of crystallization and were therefore of some- 
what varying chemical composition, were drifted around in the magma 
by currents and gradually came together in aggregates... Continued 
deposition of mineral substance filled the interstices and caused the 
crystals to appear molded upon each other. 

As has been described, the groundmass pyroxenes of 5A and 10A are 
in very tiny, prismatic crystals. By the leaching action of HCl and 
NaOH, most of them are set free. Many are zoned, with parallel layers 
of different indexes outlining prismatic and terminal faces. Determina- 
tions of extinction angles made by y with the elongation gave a maximum 
of 57°, but varied in different zones of a single crystal. 

These crystals obtained by leaching contain a few minute black specks. 
These may be picotite, and may account for the 0.09 per cent Cr.O, in the 
analysis of the groundmass of Specimen No. 5. 

Minimum and maximum indexes found were as follows: 


No. 5A a= 1.717 + .003 y = 1.743 + .008 
No. 10A = 1.720 + .003 y = 1.787 + .003 


A crystal larger than average gave a figure of plus sign, with 2V moderate. 


ESSENTIAL SIMILARITY OF ALL SPECIMENS OF THE COLLECTION 


Most of the chemical work on these Antarctic rocks was devoted to 
Specimen No. 5, with some on No. 10 as a check. The petrographic 
characters of these two specimens have been described. The other speci- 
mens of the group are so similar that it will not be necessary to give more 
than brief descriptions. 

Several speci1.<ns are tuffs. These were labeled respectively “Ashy 
extrusive,” “Typical material of remaining core or lava beds,” “Deep 
bed material. Weathered edge of lava flow from 700 to 1000 ft. below 
the present surface,” and “Typical core material of major section of . 
remaining fragment of core or beds.” Most of these tuffs are greatly 
weathered, with the development of iron stains, calcite, or a general 
turbidity; but their original close resemblance in all respects to less- 
weathered specimens is still discernible. From the prevalence of tuffs 
among the samples, it may be inferred that much of the extrusive material 
was fragmental and that the residue of the volcanic cone itself is partly 
of this nature. 

Several specimens are of little-altered lavas. They are composed of 
phenocrysts (mostly olivine) in an aphanitic, black, somewhat vesicular 
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groundmass, which in some specimens is so fine as to be opaque. One of 
these, labeled “Typical debris of ash dump moraine,” is almost a dupli- 
cate of No.5. It contains the same sort of nodules of olivine and pyroxene 
in a similar groundmass, but is remarkable in one respect. The thin 
section shows, in the midst of the groundmass, a single small phenocryst 
that appears to be quartz. The relief is appropriate, and, though the 
center of the optic figure is a little outside the field, the figure appears to 
be a positive cross. The crystal is surrounded by a reaction rim of very 
fine grain. Evidently the mineral was unstable just before final con- 
solidation of the magma, but there is no known reason why quartz and 
olivine should not crystallize side by side under plutonic conditions. In 
principle, this would be no more remarkable than that quartz and biotite 
should so appear. 

The variable amount of weathering of these Antarctic specimens 
appears to be largely a matter of whether they are tuffaceous or not, 
though it may be partly a matter of age. If the specimens are repre- 
sentative of the general output of the volcano, then the character of the 
lava seems to have varied very little during its activity. 


SUMMARY AND CONCLUSIONS 


The physical and mineralogical make-up of these olivine fourchites 
has made possible the separation of their phenocrysts from their ground- 
mass, and, to a considerable degree, the separation of each mineral of 
phenocrysts and groundmass from others. Analyses of the products have 
been made. With this information, a comparison of the actual course 
of crystallization of the magma with what has been deduced from theory 
is possible. 

The groundmass, freed of phenocrysts, has been found to have an ultra- 
basic composition. This leads to the conclusion that, contrary to infer- 
ences reached in the theory of crystal fractionation, wholly liquid magmas 
of ultrabasic composition exist. 

The analyses show that the phenocrystic pyroxenes have a composition 
that is not unusual for orthorhombic pyroxenes, but that they depart 
somewhat from metasilicate ratios in their excess of bases to silica. The 
groundmass pyroxenes have a similar excess of bases. A point of im- 
portance lies in a comparison of compositions of phenocrystic and ground- 
mass pyroxenes. The direction and amount of change from one to the 
other are indications of the manner in which the composition of the 
residual liquid was modified by the crystallization of phenocrysts. In 
passing from phenocrystic pyroxene to groundmass pyroxene, there is 
a decrease of SiO., a large decrease of MgO, a large increase of Al.Os, a 
moderate increase of iron oxides, and a large increase of CaO. These 
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results do not seem to be in accord with those that have been deduced as 
generalizations from experimental work on silicate systems and that have 
been used to support the theory of crystal fractionation. 

It is believed that experimentally investigated systems represent, on 
the whole, simpler conditions, both physically and chemically, than exist 
in natural magmas; and that inferences derived from the behavior of these 
comparatively simple laboratory melts have been broadened and gen- 
eralized to cover conditions to which they are hardly applicable. 

The final test of conclusions regarding magmas lies in the behavior and 
properties of the magmas themselves and of their actual minerals, and 
this test should be applied in a more rigorous manner than by the use 
of simplified and generalized assumptions. 
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FEATURES OF MARINE DELTAS 


The tripartite structure of the delta has been well known since the pub- 
lication of Gilbert’s delightful classic on Lake Bonneville (Gilbert, 1890, 
p. 68-70, figs. 14, 15). That structure pertains as well to many marine 
embankments built on so vast a scale that their character as deltas is not 
always recognized. On coasts where currents are not sufficiently powerful 
to destroy them as fast as they are formed, these embankments are to be 
found extending for hundreds of kilometers seaward from the mouths of 
the great rivers of the earth. From the river mouths they extend also 
inland for hundreds of kilometers as broad plains, braided by distribu- 
taries at their shoreward margin. These plains are easily recognized as 
deltas, the limiting top surface in every case of a great embankment, 
built into the sea by the river with sediments brought by it from remote 
parts of the continent. The subaqueous slope of the embankment, ex- 
tending far out to sea into great depths of water, is as truly part of the 
delta as is the expanse of the river flood plain. 

The claim for community of origin is based not on any visible struc- 
tural features, but on the identity of the materials and their common 
source. It would be difficult to draw a transverse section of a great 
marine delta, that would resemble Gilbert’s diagram of a lake delta, with- 


(401) 


= 
. 


402 A. C. LAWSON—THE ISOSTASY OF LARGE DELTAS 


out very gross exaggeration of the vertical scale. The reason for this is 
the smallness of the angle of divergence of the three elements of the 
structure: top-set, fore-set, and bottom-set beds. The marine delta also 
differs from the lake delta in the large deposit of fine clay precipitated 
from suspension by flocculation in the sea water. 

One part of the top-set surface of the marine embankment has a slope 
determined by the grade of the master stream and its distributaries. It 
is a land surface, and the top-set beds are a fluviatile deposit, except at 
their outer margin where they are redistributed and modified by feeble 
wave action in shallow water. The shallow-water marine part of the top- 
set surface extends as a vast subaqueous plain to at least the —200-meter 
contour, and has about the same degree of slope as the landward part or 
flood plain. The fore-set slope is steeper and grades almost insensibly 
into that of the bottom-set beds. The upward growth of the embank- 
ment is limited by the river which builds it. The great dimensions of a 
mature embankment are attained by the seaward exogenous growth of the 
fore-set slope parallel to itself, and as it advances it buries the bottom-set 
beds at the toe of the slope. In this outward growth the length of the 
fore-set slope increases as the embankment extends into deeper water. 

As the embankment grows large the load imposed on the crust disturbs 
isostatic balance; the supporting sea floor tends to sink, and, when the 
load is sufficient, actually does sink. The depression is accommodated 
by the flowage of heavy rock at depth toward the continental area, which 
is being relieved of load by denudation. This sinking of the embankment 
into the earth’s crust, in the process of maintaining isostatic balance, 
may be, and in the geological past often has been, the beginning of a 
geosyncline. It is the purpose of this paper to outline and briefly discuss 
the conditions which determine the conversion of an ideal large delta into 
geosyncline. 

A large deltaic embankment extending out into deep water not far from 
the original shore may have a vertical thickness of several kilometers, 
and its volume may be increased by the sag of the crust beneath it while 
its growth is in progress. Owing to the low density of the sediments com- 
posing the embankment, compared with that of the rock which in depth 
flows toward the continental area, the process of sedimentation may keep 
pace with the subsidence and so maintain the top surface of the embank- 
ment close to sea level. There may be no superficial indication of the 
deep sag. The latter makes for the thickening of the structure both by 
accommodating the growing convexity of its bottom and by providing for 
additional top-set beds at its top. 

The bottom-set beds are thickest at the toe of the fore-set slope, and 
they, or their equivalent in kind, extend far beyond the toe as a mantle 
on the sea floor. The volume of sediments composing this mantle repre- 
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sents a large proportion of the land waste delivered to the ocean by the 
master stream of the delta. It seems not improbable that beyond the 
bottom of the fore-set slope of a great delta, such as that of the Yukon, 
the Amazon, or the Indus, the bottom-set unit of deposition, or formation, 
may have a mean thickness of one kilometer for 500 kilometers or more 
seaward. The load imposed on the crust by the deposition of this forma- 
tion is so extensive that it is doubtless compensated by flowage of heavy 
rock in depth, but it does not contribute immediately to the sinking of 
the main mass of the delta between the initial shore and the bottom of 
the fore-set slope. Since the problem discussed in this paper is gravi- 
metric rather than physiographic, the term embankment will be under- 
stood to exclude the deposits beyond the bottom of the fore-set slope; 
and it is recognized that in large deltas the greater part of this embank- 
ment may be landward of the present shoreline. 

On some coasts, particularly those free from large bays, there are pow- 
erful shore currents which remove a portion of the sediment delivered 
to the delta and distribute it as an off-shore embankment, hundreds of 
miles in length. A large part of the embankment known as the continen- 
tal shelf is rade up of sediments of this origin. The contours of many 
large deltas are greatly modified by these currents before they pass in- 
sensibly into those of the continental shelf. They become elongated par- 
allel to the shore, and in some cases the delta proper is scarcely distin- 
guishable from the shelf, so powerful is the action of the currents. This 
building of the shelf at the expense of the delta is, of course, minimized 
in those cases where the master river discharges into a large embay- 
ment; and there are many deltas, recognizable as protruding embank- 
ments, notwithstanding current action. The accessions to these are 
greater than their depletion, and in the course of their growth the strength 
of the crust becomes inadequate to support them. 

The deltas of many great rivers appear to have been built out into 
water initially deep at no great distance from the original position of the 
river mouth. An inspection of oceanographic charts yields the informa- 
tion set forth in Table 1. All the deltas listed have a very flat subaqueous 
slope, 1 in 1235 on the average, out to the —200-meter contour, the mean 
distance of which from the shore is 247 kilometers. This surface, to- 
gether with the fluviatile plain behind it, is interpreted as the top-set 
surface of the delta. From the —200-meter contour the descent, for an 
average distance also of 247 kilometers to the —3-kilometer contour, is 
13 times as rapid. This part of the profile is taken to be the analogue of 
the fore-set slope of the typical lake delta. From the —3-kilometer con- 
tour to the —4-kilometer contour, an average distance of 325 kilometers, 
the slope again flattens to 1 in 325. This lower flat slope merges with the 
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general sea floor and is taken to represent the bottom-set slope of the 
lake delta. 

Adopting this interpretation of the profile of these deltas, the writer 
also adopts for convenience the terminology which the interpretation 
implies. 

It has been pointed out that the bottom-set beds of any delta are thick- 
est at the toe of the fore-set slope, and that a mean thickness of one kilo- 
meter does not seem disproportionate for this part of a great marine 
delta, the breadth of which is measurable in hundreds of kilometers. 


TaBLe 1.—Profiles of some large deltas 


Distance from Distance from Distance from 
Subaqueous profile shore to —200- | 200-meter contour | —3-km. contour 
of delta of meter contour —to 3-km. contour | to —4-km. contour 
(Kilometers) (Kilometers) (Kilometers) 

300 350 325 
Aeron 225 100 300 
100 125 125 
200 100 100 
200 100 50 
Mississippi........... 250 250 400 (to 3.8 km.) 
300 300 500 
| Oe 400 650 800 
247 247 325 
Mean grade.......... 1:1235 1:88 1:325 


Accepting th*s estimate, it follows that the mass of the great deltas 
tabulated must, independently of crustal sag, rest on an initial sea floor 
not less than 4 km. below sea level. It is thus not improbable that 
they were built out into that depth of water. This conclusion is sup- 
ported by the fact that there are many stretches of coast in Africa,.India, 
Arabia, Australia, North America, and South America, remote from both 
large rivers and oceanic deeps, on which the —4-kilometer contour is 
within 25 to 85 km. of the shore line. An average of 61 chart measure- 
ments on an aggregate coast line of about 30,000 km., for the distance 
of this contour from the shore, is 52 km. These figures indicate that 
there is nothing disconcerting or improbable in the supposition that great 
deltas may be, and, indeed, are characteristically, built out into water 
not less than 4 km. deep at a distance of 52 km., more or less, from the 
original shore line. It will be assumed, therefore, that the ideal delta, 


here to be discussed, was built out into 4 km. of water at a distance 
from the original shore line which is a small fraction of the breadth of 
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the embankment. To simplify the discussion the conditions attending 
the growth of this ideal delta are stripped of non-essentials. The period 
of growth is supposed to be similar to the present. All the continents are 
undergoing erosion, but have not been reduced to peneplains. The proc- 
ess of continental degradation is nowhere interrupted by mountain-mak- 
ing movements throughout the period. The ocean in relation to the con- 
tinent remains as at present. The climate is the same as today; and the 
only glacial regions are Antarctica and Greenland, or their areal equiva- 
lents. The great deltas existing at the close of the period are assumed 
to be all at about the same stage of development, and to have each an 
embankment area equal to one-third that of the tributary river basin. 


ISOSTATIC RELATIONS 


For this ideal delta let us first find what thickness of deposit of sp. g. 
2.4 can be accommodated isostatically on an off-shore sea floor initially 
4 km. deep. The erosional product from the drainage basin tributary to 
a great delta goes partly to the delta embankment, partly to the sea floor 
beyond the embankment, and partly in solution to the ocean.t The load 
thus imposed upon the sea floor, whether as detritus or in solution, is 
broadly distributed and is compensated by a deep flow of heavy rock 
from beneath the ocean to beneath the basin supplying it. The material 
constituting the load, whether solid or solvent, raises the surface of the 
sea by an amount equal to its mean thickness considered as a layer of 
sediment without interstitial sea water. The return of an equivalent 
mass p.u.a.? in depth by way of compensation will depress the sea floor 
and so lower the surface of the sea. But since the rock, which in depth 
flows from the oceanic area to that of the river basin, has a greater 
density than the debris from the continental surface, the lowering of the 
sea level will be less than its rise. There is, therefore a permanent rise 
of the sea level, which is a controlling factor in determining the hypso- 
metric position of the surface of all deltas. In the discussion which fol- 
lows, account must be taken of an initial sea level and a new sea level 
for any late stage of the process of delta building. 

Referring to Figure 1, and considering conditions at the close of the 
delta-building period, let x be the thickness of the delta embankment 
from the depressed sea floor up to a point y km. below sea level; and y 


1R. B. Dole and H. Stabler [Denudation, U. S. Geol. Surv., Water Supply Paper 234 (1909) 
p. 78-93] have shown that of all the material removed from the hydrographic basin of the Missis- 
sippi about 25 per cent is carried to the ocean in solution. Of the other 75 per cent it is estimated 
by the present writer that two-thirds, or 50 per cent of the whole erosional product goes to the 
main embankment of the delta of the Mississippi, between the original shore and the toe of the 
fore-set slope; while the remaining 25 per cent of the total product goes in solid form to the 
ocean beyond the main embankment. This proportionate disposition of land waste is assumed in 
the following discussion to hold for all great river basins. 

2 Per unit of area. 
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the thickness of sediments added to this to bring the surface of the delta 
up to sea level. The specific gravity of the materia] of the delta is taken 


Co. Delta 


Rtal Embankment ney 5 


| 3/11 y Old sea level 


y 8/ll y 


4 kn. 


Fiaure 1.—Isostatic relations in a delta embankment 


to be 2.4. To accommodate the load 2.4y, the column has been de- 


pressed 5 y; and the height of the top of the embankment iss y above 


the old sea level. Then ay is the measure of the rise of sea level during 
the period of delta building. At the bottom of the column, a thickness 
z—4 +3 of rock of specific gravity 3.3 has flowed out toward the 


river basin to compensate the load of the embankment at the top. Then, 
expressing relative volumes in terms of kilometers of vertical dimension, 
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x-+ y represents the volume of the embankment, and x — 4 + ay is the 


measure of depression of the old sea floor. In the building of the em- 
bankment to this size a prism of sea water, 4 km. deep, of specific gravity 
1.026, has been displaced by a sedimentary deposit of specific gravity 2.4. 
The displaced water adds to the load on the floor of the ocean and raises 
its surface. The load imposed on the depressed floor of the embankment 
is the weight of the latter less the weight of the water displaced, or 
2.4 (x+y) — 1.026 x 4. To compensate this, an equivalent mass of 
rock of specific gravity 3.3 must have flowed out in depth from beneath 
the loaded area toward the continental region. The thickness of the out- 


flowing mass was + — 4 +2 y km. We thus have the following equation: 


3.3(2—4 = 2.4(2 + y) — 1.026 X 4 


Whence x = 10.106km. 
The quantity 10.106 -+ y represents the volume p.u.a. of delta material 
of specific gravity 2.4 derived from the contributing master stream. Its 
relative mass is (10.106 + y) 2.4 = 24.256 + 2.4y p.u.a.; and, if the 
area of the embankment be one-third that of the river basin, the load 
24.256 + 2.4y ‘ 
removed from the latter ees iaecalhien 8.085 + .8y p.u.a. Since, of the 
whole amount removed from the surface of the basin, only one-half enters 
into the make-up of the embankment, the total load p.u.a. removed 
from the basin by erosion is (8.085 + .8y) X 2= 16.17 + 1.6y p.u.a. 
The volume, x + sy — 4, or 10.106 + ay —4= 6.106 +e, which 
flows out from beneath the delta toward the land has a specific gravity 
of 3.3, and its relative mass is (6.106 +70) X 3.38 = 20.152 + 2.4y 


p.u.a. This is the same as the load imposed 24.256 + 2.4y — 4.104 
= 20.152 + 2.4y p.u.a., keeping the column constant gravimetrically. 
But the mass 20.152 -+ 2.4y, which goes in depth to the river-basin 
column ard is distributed over three times the area, there becomes 
20.152 +- 2.4y 
3 

for complete compensation is due from the oceanic area, because of the 
excess loads of erosional products that have gone beyond the delta to 
the ocean. What do these loads amount to? 

We have found that the total mass removed from the river basin is 
16.17 + 1.6y p.u.a., and that one-half of this, or 8.085 + .8y p.u.a. new 
lies in the delta embankment. Of the remaining 8.085 + .8y, one-half 


= 6.714 + .8y p.u.a. The balance of the mass necessary 
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(25 per cent of the total erosional product) goes to the ocean in solution; 
and the other half goes as solids to the ocean floor beyond the toe of the 
fore-set slope, or is distributed along the coasts to build the continental 
shelf. Whether it goes to the ocean in solution or as solids, the mass is 
unchanged. Whether it is distributed over the whole extent of the ocean 
in solution, or is confined as solids to particular parts of the ocean floor 
is not important. To whatever extent the ocean floor locally, or in gen- 
eral, receives a new load, that load will be compensated by return flow 
of heavy rock in depth to the region whence it came. Thus the load, 
equal to 50 per cent of the total removal from the river basin, which goes 
to the ocean returns in equal mass in depth to compensate the erosional 
loss. In this way, we have a mass of 8.085 + .8y p.u.a. returned to the 
crustal column of which the surface is the river basin. 

But there is another load added to the ocean floor not yet taken into ac- 
count. This is the mass of sea water displaced by the delta embankment. 
It amounts to 1.026 * 4 = 4.104 p.u.a. taken apparently from the area 
of the embankment. It comes, however, effectively from the river basin 
and, on redistribution in depth back to the basin column, amounts to 
4.104 
that of the river basin restores the former to its gravimetric normal, 
insofar as that has been disturbed by erosional products from the river 
basin. In this way, it appears that, to compensate for the total mass 
p.u.a. removed from the river basin, there are three increments of mass 
added in depth to its column. These are: (1) 6.714+ 8y p.u.a. from 
beneath the delta embankment; (2) 8.085 + .8y p.u.a. from beneath the 
ocean floor, due to the excess load of detritus and dissolved matter that 
went beyond the delta embankment; and (3) 1.368 p.u.a. returned from 
the ocean to compensate the load of displaced water. The sum of these 
three increments is (6.714+ .8y) + (8.085+ .8y) + 1.368 = 16.17+-1.6y, 
which is the same as the erosional removal from the basin. 


= 1.368 p.u.a. The return of this mass from the oceanic column to 


RISE OF SEA LEV™.L 


Referring again to the diagram (Fig. 1) it appears that the total thick- 
ness of the delta embankment, when it is in isostatic equilibrium with 
its surface at the new sea level, is 10.106 + y. To find the value of y, 
it is assumed that the river basins tributary to great deltas occupy 40 
per cent of the aggregate area of all the continents not ice covered.* It 


% This estimate was made by cutting out the continental areas from maps, cutting from these 
the areas of the great river basins, and weighing the pieces of paper so obtained, the areas being 
taken as proportional to the weights. For Eurasia, the aggregate extent of the basins of the Indus, 
Ganges, Irrawaddy, Salwin, Makong, Yang-tse-Kiang, Hoang-Ho, Amoor, Lena, Yenisei, and Obi 
is 37 per cent of the whole continent; for North America, the basins of the Mississippi, Mackenzie, 
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is also assumed that the remaining 60 per cent of the aggregate conti- 
nental area is degraded by smaller streams, wave action, and winds at 
the same rate that obtains in the great basins, the products of erosion 
going eventually to the ocean to form, insofar as they are solids, lesser 
embankments and marine deposits. About one-half of this part of the 
continental area is occupied by arid lands where there is no transporta- 
tion to the sea by streams. But the degradation of these arid regions by 
wind appears to proceed as vigorously as the erosional process in humid 
climates; so that for the purpose of the present discussion the whole of 
this 60 per cent of the continental area is assumed to be denuded at a 
uniform rate, the contribution of waste to the ocean being the same as 
in the river basins. 

We have found that the load removed from a great river basin, and 
therefore from all of them in the aggregate, is 16.17 + 1.6y p.u.a. The 
mean thickness of the layer, having a specific gravity of 2.67, constituting 


this load is eat hy = 6.056 + .6y km. Of this thickness, 50 per cent, 


or 3.028 + .3y, goes to the delta embankment; 25 per cent, or 1.514 + .15y, 
goes to the ocean in solution; and 25 per cent, or 1.514 + .15y, goes to 
the ocean floor as solids beyond the embankment. These three items of 
delivery of land waste, either to the delta or to the ocean beyond it, raise 
the sea surface in different ways: 

(1) Part of the 3.028 + .3y km. that goes to the embankment dis- 
places 4 km. of sea water by a prism of sediment having a specific gravity 
of 2.4, of which effectively 3.34 km. is rock of specific gravity 2.67 and 
.66 km. is original sea water retained in the sediment. The prism of 
water which is distributed to the ocean has the area of the embankment 
and is 3.34 km. thick. The area of the ocean being seven times that of 
the aggregate of the great river basins, and the latter three times that 
of the delta embankments, the prism of water when distributed to the 
ocean will have an effective thickness of 2S. = .16 km., which is the 
measure of the rise of sea level due to this cause. 

(2) The 1.514-+ .15y km. that goes to the ocean in solution changes 
volume in dissolving. The change differs in different solutes and for 
varying degrees of concentration in the same dissolved salt. It is, how- 
ever, small and is compensated in large measure by the rapid precipita- 


Yukon, Columbia, and Colorado make up 33.6 per cent of the continental surface; the basins of 
the Oronoco, Amazon, and La Plata occupy 58.7 per cent of the area of South America; the 
basins of the Nile, Niger, Congo, and Zambezi aggregate 30.2 per cent of the area of Africa; and 
the basin of the Murray is 16 per cent of the area of Australia. The surface of the ocean has 
an area about seven times that of the aggregate of all the river basins mentioned. 
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tion of the greater bulk of the dissolved matter as carbonates of lime 
and magnesia; so that, in a rough calculation like the present, it is negli- 
gible. The volume as distributed to the ocean may, therefore be taken at 
1M + ty = .22 + .02y km. p.u.a., which is the measure of rise of sea 
level from this cause. 

(3) The 1.514 + .15y km. delivered to the ocean as solids beyond the 
deltas comes also from the land area, which is one-seventh that of the 


ocean, and causes a rise of sea level of also Lot ey _ .22 +- .02y 


km. The sum of these is .16 + (.22-+ .02y) + (.22 + 02y) = 6+ 04y 
km., which is the measure of rise of sea level due to erosional products 
from the great river basins. 

From the remaining 60 per cent of the continental areas beyond the 
basins a layer of the mean thickness, 6.056 + .6y km. p.u.a., is also re- 
moved. Three-quarters of this is delivered to the ocean as solids, and 


corresponds to a layer on the ocean floor having a mean thickness of 3 


of er = .97 + .ly km., which is the measure of rise of sea level 
from this cause. The remaining quarter in the humid half of the area 
goes to the ocean in solution in river water as in the case of the great 
rivers. In the arid half, the remaining quarter is probably represented 
by the soluble salts which are so abundant in the desert, and which are 
easily transported by the wind, together with insoluble sand and dust. 


Thus the rise of sea level from the addition of soluble material is ; of 


32 + .03y km. 
In addition to this, we have to allow for the waste products cast into 


the ocean by the glacial erosion of Antarctica and Greenland. The rela- 
tive rate of this glacial erosion is unknown, but for the purpose of com- 
pleting the argument it may be assumed to be twice that of the conti- 
nental areas not occupied by ice. That is to say: The layer removed 
from these glacial regions, in the time required for the building of the 
great deltas to the stage here selected for consideration, would have a 
mean thickness of (6.056 + .6y) X 2 = 12.112+1.2y km. The surface 
of the ocean is 25 times the combined area of Antarctica and Greenland; 
so that, as distributed to the ocean, without discrimination of soluble and 
insoluble, the surface of the ocean would be raised Bier hy 1.2y = 48 
+ .05y km. The total rise of sea level is, therefore, about: 

(.6 + 04y) + (.97 + ly) + (.32 + .03y) + (.48 + 05y) = 2.37 + .22y 
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km. as the result of the erosion of the surface of the earth in the period 
of delta building. 
FALL OF SEA LEVEL 


The movement in depth of heavy rock, specific gravity 3.3, from be- 
neath the ocean to compensate the various loads that have been imposed 
upon its floor by the erosion of the earth’s surface lowers the sea level. 
These loads may be summarized as follows: 

(1) The water displaced by the delta embankment when distributed to 
the ocean has the volume Joh = .16 p.u.a. Its load is .16 < 1.026 


= .16 p.u.a. 
(2) The load from the river basins (half in solution and half as 


solids) is = 1.15 pua. 
(3) The load from the continental areas outside the river basins (one 
quarter in solution and three quarters as solids) is eee = 3.46 


+ 34y p.u.a. 
(4) The load from glacial regions is (16.17+1.6y) X2=32.34+3.2y 


p.u.a., and this on the sea floor becomes Bet oey = 1.29 + .13y p.u.a. 


The sum of these four loads is .16+ (1.15 + .lly) + (3.46+ .34y) 
+ (1.29 + .13y) = 6.05 + .58y p.u.a. The volume of the corresponding 


heavy rock which flows to the continents in depth is ot ee = 1.84 


-+ .18y km. p.u.a., which is the measure of the lowering of the sea floor, 
and therefore of the fall of sea level. It has already been found that the 
rise of the sea level is 2.37-+.22y km.; so that the net rise is (2.37+.22y) 
— (1.84-+ .18y) = 53+ .04y. But as appears from the diagram (Fig 1) 


the net rise ies Y; therefore, 3 y = .53 + .04y; whence y = 2.28 km., and 


ou, the net rise of sea level, is .62 km. 


These various compensations having been effected, the oceanic, con- 
tinental, and deltaic regions are all in isostatic equilibrium, the sea level 
is .62 km. higher than it was at the beginning of the delta-building period, 
and the tops of the deltas are at the new sea level. 


THE GEOSYNCLINE AND ITS COLLAPSE 


The thickness of the main embankment of the delta has been found 
to be r+ y = 10.106 + 2.28 = 12.39 km., or 4u,650 feet. Holding the 
top of the delta at sea level, this is about the greatest thickness possible 


4 
| 
| 


412 


A. C. LAWSON—-THE ISOSTASY OF LARGE DELTAS 


in an embankment of specific gravity 2.4 resting on a sea floor initially 
4 km. deep. If the initial depth of sea water had been greater, the thick- 
ness of the delta deposit might have been greater. But a thickness of 
40,000 to 42,000 feet appears to be a limit of sedimentary deposition. 
Most of the great ranges of folded mountains which exist, or have existed, 
over the face of the earth, are composed of sedimentary strata which in 
many cases attain, but do not exceed, a thickness of 42,000 feet. Appar- 
ently when the strata attain this thickness, the sagging of the earth’s 
crust to accommodate the load isostatically, and the removal of a corre- 
sponding load in depth for compensation, permits the horizontally com- 
pressive stresses existent in the crust to operate effectively for collapse. 
Because of the depression of the sea floor during the building of the delta, 
the structure of the geosyncline is foreshadowed, and its outline may be 
clear long before the ultimate collapse. The delta of the Mississippi 
appears to be an example of this condition (Barton, Ritz, and Hickey, 
1933). The distinction between isostatic subsidence and geosynclinal 
collapse is that the latter is characterized by a concentration of mass 
toward the axis of the depression, whereas the former is not. Of course, 
the transition from one condition to the other may be very gradual. But 
as soon as the collapse is under way the flanks of the structure are hoisted 
by tilting, and the added mass, of which the hoist is an expression, is 
compensated by further sinking of the keel of the geosyncline into heavier 
rock in depth, so as to secure isostatic flotation. When the collapse be- 
comes acute and the strata are mashed together in steep folds, the alti- 
tude of the crest of the uplifted mass is limited by the corresponding but 
much greater depression of the keel. It is a fair hypothesis that, al- 
though isostatic sinking of a great embankment may supply the outlines 
of a geosyncline, real geosynclinal folding is not inaugurated until it has 
attained a thickness of about 40,000 to 42,000 feet; and, since the uplift 
would bring sedimentation of the delta to a close, this figure would be 
both a minimum and a maximum for the thickness of the strata in any 
mountain range. That is to say, it would be a constant measure for the 
column of approximately conformable strata in any great range, the orig- 
inal bottom and top of which are observable. 

It may be urged, of course, that the breadth of a great embankment 
may be a factor in the initiation of a geosynclinal collapse. If this were 
so, then perhaps broader embankments of less thickness might collapse. 
But this seems improbable in view of the uniform distribution of isostatic 
support. On the contrary, it would seem that a delta embankment, hav- 
ing attained the maximum thickness appropriate to the original depth of 
water, provided that depth were less than 4 km., might extend seaward 
indefinitely, until the river basin were peneplaned and the supply of 
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land waste exhausted. Of course, in this seaward expansion the embank- 
ment would probably reach a depth of water of 4 km., and so attain the 
critical thickness in its outer part, which would induce collapse. To sim- 
plify discussion in this paper the area of the delta embankment, when 
it had attained isostatic equilibrium with its top at sea level, has been 
arbitrarily placed at one-third that of the river basin. But the seaward 
growth of the delta does not preclude isostatic adjustment, if the load 
p.u.a. remains that determined by the depth of water displaced. The 
geosynclinal collapse is not due to lack of isostatic balance, but to in- 
ability to withstand compressive stress when the depression reaches a 
limiting value, the limit being determined by the strength of the crust. 
The operative stress may be primary in the crust, always existent and 
slowly increasing, or it may be such a primary force plus a temporary 
or local increment due to the subcrustal flow from beneath the ocean 
toward the continents, as part of the mechanism for the maintenance of 
isostatic balance. The delta may grow to an extent much larger than 
one-third the area of the river basin. Taking the width of the Missis- 
sippi delta at 600 miles and its length at 1000 miles, its area is about half 
that of the present basin of the river. The delta of the Ganges from 
Latitude 26° N. out to contour —3 km. is about eight-tenths that of the 
combined basins of the Ganges and Brahmaputra, and the delta of the 
Yukon out to contour —3 km. has about the same area as the river basin. 
This large relative expanse of deltas makes possible the accumulation 
of vast quantities of continental waste on sea floors of initial depth of 
less than 4 km., and tends to localize the acute deformation of geosyn- 
clinal collapse at the outer margin of a broad coastal plain, leaving the 
inner, or landward, margin relatively unaffected. 


THE CONTINENTAL SHELF 


The great delta embankments account for 50 per cent of the erosional 
products of their corresponding river basins, which make up 40 per cent 
of the continental areas. Another 25 per cent is carried partly beyond 
the fore-sei slope to be spread on the sea floor, and partly is swept along 
the coast by currents as a contribution to the continental shelf; and the 
remaining 25 per cent goes off in solution. What becomes of the erosional 
products of the 60 per cent of the convinent outside the great river basins? 
These are carried to the sea by innumerable smaller streams, by shore 
work of waves and currents, and by the wind. This larger portion of the 
continental surfaces is half arid, and the deserts yield nothing to the sea 
by stream transport. The products of rock disintegration are removed 
by the wind. Of the well-watered portion, 30 per cent of the continental 
areas, it may be assumed, as for the large river basins, that 25 per cent 
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of the erosional products passes off in solution. Of the 75 per cent of 
solids, probably 60 per cent goes to the continental shelf embankment, 
and the remaining 15 per cent goes beyond it. 

The continental shelf, from the shore out to the —200-meter contour, 
is usually regarded as having an area of about 5 per cent that of the 
earth’s surface. The tota! area of the embankment to the bottom of its 
outer slope is, however, about twice that of its top surface. Let us call 
it 9 per cent of the area of the earth. This is about the same as the 
watered area of the continents outside the great river basins. This em- 
bankment receives 60 per cent of the erosional waste of 30 per cent of 
the continents. Before removal, this was the equivalent of a layer having 


a thickness of a of (6.056 + .6y) = 4.45 km. of specific gravity 2.67, 


y being 2.28 km. In the embankment it has a mean thickness of 


4.45 X 20 = 4.9 km., the area of the source being the same as that of 


deposition. Added to this is the sediment taken from the deltas by cur- 
rents and distributed along the shelf. If this be 10 per cent of the waste 
from the river basins, then the contribution to the shelf is the equivalent 


of a layer having a thickness of (6.056 + .6y) x 1.1 km., 


the area of the source being ; that of deposition. The sum of these 
two quantities 4.9 +1.1— 6.0 km. would be the thickness of the layer 
added to the shelf embankment during the period of delta building, if 
the layer were uniformly thick. Since the profile of the embankment is 
half flat at .1 km. below sea level and half tapering to nothing seaward, 
the thickness of the inner, or flat, half of the embankment must be 
8.0 km. 

Then, considering the mass of the embankment out to the —200-meter 
contour, having sea water over it to a mean depth of .1 km., if d be the 
original depth of the water, d — .1 is the volume of water displaced by 
the embankment, and 8.0 « 2.4 — (d — .1) & 1.026 = (20.226 — 1.026d) 
p.u.a. is the load imposed on the sea floor. This is isostatically balanced 
by a mass 3.3(8.0—d-+.1) =26.73—3.3d which passes out from beneath 
the embankment for compensation. Then 26.73—3.3d—=20.226—1.026d, 
whence d = 2.86 km. If the original sea floor were 2.86 + .62 (rise of 
sea level) = 3.48 km. below present sea level, and is now 8.0 + .1 = 8.1 
km. below that datum, there must have been a drop by shear or bend of 
8.1 — 3.48 = 4.62 km. 

Since the depth of water was 2.86 km. when the embankment was 
initiated, the latter cannot be regarded, as is usually done, as an appa- 
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nage of the continent. It is a sediment-filled portion of the ocean basin. 
The embankment is still capable of receiving an additional load of sedi- 
ment, which is to be measured not by the depth of water over it, but 
by the further sinking of the old sea floor plus the present depth of water. 
If x be the additional thickness which may be imposed upon the top of 
the embankment out to the —200-meter contour, then 3.3(2 — .1) = 2.4z 
— .1 X 1.026, when x = .25 km. 


TIME 


It would be of interest to attempt an estimate of the time required 
to build the ideal delta, and its contemporary analogues, discussed in 
this paper. Unfortunately, data necessary for this are very defective. 
It may, however, be worth noting that a rough estimate of that time 
may be based on the present known rate of growth of the Mississippi 
delta. In the building of the latter the present mean erosional removal 
from the surface of the hydrographic basin of the river is .056 mm. per 
year. Using this figure the writer has in a previous paper (Lawson, 1934) 
presented a curve expressive of the probable rate of erosion at all times 
in the history of the river and of its delta. From that curve the probable 
mean rate of erosion from the beginning to the present may be found. 
It amounts to .1338 mm. per year. Applying this rate to the mean 
thickness of the layer removed from the river basin in the building of 


the ideal delta, which jp OY = 74 km., the time required is 
55,000,000 years. 


Since the Keweenawan, 580 million years ago, there has been probably 
ten times as much erosion and sedimentation as is represented in this 
ideal delta-building period of 55 million years; and in the same time 
there have been at least ten major mountain-making movements, affect- 
ing large areas of the earth’s crust, chiefly peripheral to continents, and 
localized as collapsed geosynclines. If a layer of rock, 7.4 km. thick, 
of specific gravity 2.67, may be removed from the continental surfaces 
in 55 million years, the aggregate thickness removed since Keweenawan 
time may be 74 km., unless peneplains endured much longer than the 
many diastrophic revolutions would seem to indicate. The 75 per cent 
of 74 km. delivered to the ocean as solids would, unless otherwise dis- 
posed of, make a layer, 26 km. thick, of specific gravity 2.4, over the 
area of the oceans, if that area remained on the average as at present. 
Added to this would be a layer of at least 4 km. of precipitates of car- 
bonates carried to the sea in solution; and also a further increment due 
to the increased rate of erosion in glacial periods. The total thickness 
of the layer of oceanic extent thus appears to be not less than 30 km. 
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as a result of erosion since Keweenawan time. These are somewhat 
alarming figures, and the present generation of geologists will probably 
not believe them. The only escape from disbelief is the recognition (1) of 
a flow of the subcrust from beneath the oceans toward continental areas 
to compensate erosional removal, and (2) recurrent rejuvenation of high 
relief by geosynclinal collapse of large deltas. 

Moreover, the differential of the volumes of the two transferred loads, 
one to the ocean floor and one from beneath it for compensation, must 
in these 580 million years have raised the sea level at least 6 km., if the 
ratio of the areas of land and sea remained on the average about as it 
is today; and the continents, under unremitting denudation, have more 
than kept pace with this rise. 


CONCLUSION 


Geology has to do with many cycles, but the greatest of these is the 
erosional flow of rock mass from the continents to the sea and the iso- 
static return flow of equivalent mass from beneath the sea to the land. 
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INTRODUCTION 


Since 1924 the writer has been engaged in a study of the pre-Cretaceous 
crystalline rocks of southern California. As part of this program, certain 
areas have been selected for rather detailed geologic mapping and study 
of the kinds, ages, structures, origins, and modes of emplacement of the 
rocks. One of these “key” regions, containing an unusual assemblage of 
crystalline rocks, forms the subject of this paper. The work has involved 
the making of a geologic map of about 145 square miles, the collection 
and study of numerous specimens, and the examination of 115 thin sec- 
tions. The study throws light upon several important problems in petro- 
genesis, such as remarkable variations in texture, structure, and composi- 
tion of both gabbro-diorite and granite bodies, the effects of the granite 
intrusion upon the gabbro-diorite, the origin of an exceptional porphyry 
filled with large euhedral crystals of potash feldspar, the clear-cut mode 
of emplacement of bodies of quartz monzonite, and various magmatic 
replacement and assimilation phenomena. 

The desert village of Twenty-nine Palms is 125 miles east of Los 
Angeles. The region under study lies south, southwest, and southeast of 
the village and oasis. It is included in the recently (1936) established 
Joshua Tree National Monument which extends from the middle-northern 
part of Riverside County into the middle-southern part of San Bernardino 
County. The base map used in the field was part of the large contour 
map of much of the Mohave Desert, made by the Metropolitan Water 
District of Southern California. 


METASEDIMENTARY ROCKS 


The oldest known rocks of the region are early pre-Cambrian metasedi- 
ments, the only ones positively of sedimentary origin being light- to dark- 
gray quartzites, commonly schistose. Quartzites occur as narrow bands, 
few of them more than a few inches thick, here and there in the Pinto 
gneiss, to be described. Among the better areas where such quartzites 
may be seen are those between 7 and 10 miles south of Twenty-nine 
Palms, and in the hills east of White Tank. The total exposure of quart- 
zite, however, is very small, and none of it could be mapped on the scale 
of Figure 1. 

All thin-sections show 60 to 75 per cent quartz, 6 to 12 per cent biotite, 
and tiny grains of zircon. Considerable andalusite occurs in one section; 
garnet (much altered to kelyphite) and sillimanite needles in a second; 
some oligoclase-andesine in a third; and much sheaflike sericite in a 
fourth. The degree of foliation ranges from massive to highly schistose, 
with a fine-grained mosaic texture well preserved in some. 
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It is possible that various dark amphibolitic bands in the Pinto gneiss 
may be of sedimentary origin, but more likely that they are bands of 
metagabbro as will be explained. 


RATTLESN 


Ficure 1.—Geologic map of the region near Twenty-Nine Palms, California 


GOLD PARK GABBRO-DIORITE 


The Gold Park gabbro-diorite is named from an occurrence in the lower 
part of Gold Park Canyon. A variety of rather basic igneous rocks is 
included, but the average mineral composition is about that of gabbro- 
diorite. Massive facies range from typical diorite through gabbro-diorite, 
gabbro, norite, and olivine gabbro to hornblendite. These are mostly 
medium-grained to moderately coarse-grained, and many are more or less 
ophitic. They range from medium gray to nearly black. The massive 
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facies usually show little or no granulation of minerals. These massive 
facies contain 50 to 70 per cent basic labradorite to oligoclase-andesine; 
5 to 35 per cent hornblende and biotite; and, in the gabbro facies, some 
augite or diallage and olivine. Hypersthene occurs in the noritic facies. 

A “salt and pepper” facies, so-called because of the appearance of its 
weathered surface, is less common. It is medium- to fine-grained, gray- 
to dark-gray, and massive to crudely foliated, the foliation being of pri- 
mary origin. Its mineral composition is about the same as that of the 
coarser, ophitic facies, but hornblende is commonly 30 to 40 per cent of 
the rock. In places it occurs as somewhat later dikelike masses, without 
sharp boundaries, in the coarse-grained facies. 

All the mentioned facies of the gabbro-diorite may be seen without 
sharp boundaries, in the larger body in the lower part of Gold Park 
Canyon. Particularly in the northern half of this area, these facies form 
crude zones or belts, commonly within a few feet or yards of each other. 
There seems here to be a clear case of irregular differentiation taking 
place during crystallization of the magma and aided by magmatic (pos- 
sibly convection) currents. The writer agrees with Grout (1933, p. 1026) 
who says that most internal structures of gabbros are probably caused by 
internal circulation or convection during crvstallization in a magma that 
was intruded when hotter and less viscous than granite magma; internal 
structures of granites are caused mostly by flowage of lower temperature, 
more-viscous magma which is “mushy” or full of crystals. 

Secondarily developed amphibolites and biotite schists commonly occur 
as border portions of the larger bodies of the gabbro-diorite, as, for ex- 
ample, in lower Gold Park Canyon. The attitude of this foliation follows 
the borders of the enclosing Palms granite. These are plainly metamor- 
phosed border facies of the massive gabbro-diorite, showing perfect gra- 
dations into the latter. Similar schists in many places constitute whole 
masses of numerous small bodies. These schists are believed to have been 
produced by pressure of the intruding Palms granite upon the gabbro- 
diorite. In many places the granite has more or less intimately injected 
these orthoschists. Here is an excellent illustration of Grout’s (1933, p. 
1025-1026) general conclusion “that most granite magmas make their 
walls schistose, and most gabbro magmas do not.” He suggests that “prob- 
ably most granite magmas at the time of intrusion are ‘mushy’ mixtures 
of liquid and crystals at a late stage of crystallization differentiation. 
Such a magma would probably move slowly, heat its walls to a similar 
mushy state, and the late intrusive motion would deform the whole region 
as a unit—both the igneous rocks and their walls show the orientation. 
In contrast, a gabbro magme is probably less crystalline, less viscous as 
emplaced, and alters its walls mostly by heat after emplacement.” The 
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writer has observed biotite schists and amphibolites of similar origin in 
many regions of pre-Cambrian rocks, especially in the Adirondack Moun- 
tains of New York (Miller, 1926, p. 11-18) and in the San Gabriel Moun- 
tains of California (Miller, 1934, p. 8-11, 50-53). It is believed that, 
where such rocks occur, in many places apart from the igneous rocks from 
which they were derived, they have often been mistaken for paraschists. 
This is an important problem in petrogenesis, requiring careful field ob- 
servation for its solution, particularly where the schists and amphibolites 
have been more or less injected lit-par-lit by granite. 

There is a strong reason for believing that the gabbro-diorite was cut 
to pieces and largely injected more or less intimately, and even digested, 
by the Palms granite. These matters are considered in the discussions of 
the Pinto gneiss and the monzonitic porphyry. 

At a few places, small dikes or sills of the gabbro-diorite have been 
found cutting the already described quartzites parallel to the bedding or 
foliation. The Gold Park gabbro-diorite is, therefore, younger than the 
metasediments of the region, and older than the Palms granite. 


PALMS GRANITE 
DESCRIPTION 


The Palms granite is named from its typical and extensive develop- 
ment in Forty-nine Palms Mountain. The rock is typically a true granite, 
varying locally to a quartz monzonite. It is mostly medium-grained, with 
variations to somewhat coarser-grained and somewhat finer-grained. The 
color is generally light-gray with variations to medium gray and pinkish 
gray. In structure it ranges from massive to highly foliated, with moder- 
ately foliated types common. In some extensive outcrops, where weather- 
ing has accentuated the foliated structure, the granite may, from a dis- 
tance of an eighth of a mile or more, easily be mistaken for tilted, thick 
beds of sandstone (PI. 1, fig. 1). The foliation dips are generally high, 
from 40 degrees to vertical. Foliation strike usually varies from east-west 
to west-northwest, with the latter predominant, but there are many local 
exceptions. Dips, particularly in the large Forty-nine Palms Mountain 
mass, are predominantly west-southwest. 

The average mineral composition (by volume percentages) of about a 
dozen thin sections of more or less foliated Palms granite is: quartz, 37; 
microcline (commonly perthitic), 43; orthoclase, 4.2; microperthite, 2; 
oligoclase, 8.3; biotite, 2.3; magnetite, 1.1; sericite, 0.7; and still smaller 
amounts of epidote, zircon, allanite, titanite, apatite, and garnet. Micro- 
perthite occurs in only four sections and orthoclase in only two. All sec- 
tions contain microcline (20 to 65 per cent) and quartz (25 to 48 per 
cent). This rock is, therefore, a true granite. 
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Several thin sections of non-foliated facies from the lower part of Forty- 
nine Palms Canyon show an average mineral composition (by volume 
pereentages) as follows: quartz, 28; microline, 17; microperthite, 11.3; 
oligoclase, 36; biotite, 4.3; epidote, 1.3; magnetite, 0.7; sericite, 0.4; gar- 
net, 0.6; and other minerals (zircon, titanite, allanite, apatite, and garnet) 
1.4. This facies is, therefore, a quartz monzonite. 

In both facies, granite and quartz monzonite, the granulation of the 
feldspars varies from little to much, and the quartz is seldom granulated, 
thus suggesting crushing during a late stage of magma consolidation, but 
mostly before the quartz crystallized. Deuteric effects, evident in nearly 
all thin sections of both facies, include microperthites, myrmekites, and 
epidotization. In one thin section, there is much granulation of both quartz 
and feldspar, much sericitization and epidotization, many signs of micro- 
cline irregularly replaced by acidic plagioclase, and some cross-cutting 
veinlets filled with quartz together with some epidote. 

The variable foliation of the granite and its facies is an important 
consideration. It would be easy to conclude that the more or less highly 
foliated, locally almost schistose, portions represent a distinctly older 
intrusion than the more massive, non-foliated portions. The writer believes 
that such a criterion in itself has often erroneously been made the basis 
for separating bodies of plutonic rocks, especially granites, into at least 
two portions of distinctly different ages. This matter was given careful 
attention in the course of the field work in the Twenty-nine Palms region. 
It was found that the rock mapped as Palms granite represents a single 
intrusive in which there are extreme variations in degree of foliation, and 
that most of the more-foliated portions occur near contacts with older 
rocks and where smaller masses of the granite are more or less closely 
involved or associated with older rocks. Differential magmatic flowage 
during a late stage of consolidation, probably induced by shouldering 
action and by frictional drag near contacts, seems to be a reasonable ex- 
planation of most of the strong foliation. Well within the larger intrusive 
bodies, the rock is generally more massive, as in much of Forty-nine 
Palms Mountain, because the magma rose more uniformly. 

Mention should be made of some darker, more-basic facies of the Palms 
granite. Most of them occur near the Gold Park gabbro-diorite or its 
metamorphic facies, or the monzonitic porphyry. They are not sharply 
separated from the granite, but the transition may occur within a few 
yards. A crude foliation is common. It is confidently believed that the 
rising granite magma in such places was contaminated by absorption or 
digestion of, or reaction with, older basic material through which it 
passed. Some mapped portions of the Palms granite contain any poorly 
defined large and small inclusions of metagabbro-diorite, most of them 
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Ficure 1. PALMS GRANITE 
The well-developed foliation dips about 40°. Two miles south of White Tank. 


Ficure 2. PInTo GNEIss 
Gold Park metagabbro injected, largely parallel to its foliation, by a moderate 
amount of Palms granite. In lower Gold Park Canyon. 


Ficure 3. ConTorTeD PINTO GNEISS 
Gold Park metagabbro injected lit-par-lit by a large amount of Palms granite. 


In lower Gold Park Canyon. 


PALMS GRANITE AND PINTO GNEISS 
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Ficure 1. TyPIcAL MONZONITIC PORPHYRY 
Showing orthoclase phenocrysts in relief on a weathered surface. Small area in 
Rattlesnake Valley. 


Ficure 2. STRONGLY FOLIATED MONZONITIC PORPHYRY 
Showing granulated orthoclase phenocrysts flattened parallel to the foliation. 
In lower Gold Park Canyon. 


Ficure 3. DrkE-LIKE MASSES OF THE PORPHYRY IN GOLD PARK 
METAGABBRO-DIORITE 
These occur in slightly granite-injected metagabbro parallel to its foliation 
and without sharp contact. 


MONZONITIC PORPHYRY 
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too small to be represented on the map. An excellent case in point is the 
area 114 to 2% miles a little south of west of White Tank. The granite 
toward the top of the mountain 214 miles east of Keys Ranch is somewhat 
variable, but it is commonly medium-grained, gray, biotitic, and well foli- 
ated. As one approaches the area of gabbro-diorite at the foot of the 
mountain, this granite becomes more foliated and darker, and, within 100 
to 300 yards of the basic rock, it contains fragments, strips, and bands 
of metagabbro-diorite parallel to the foliation. The hornblende of the 
basic rock has been changed to biotite, and in many places the mixed rock 
is crudely banded. The average composition (by volume percentages) of 
several thin sections of such a basic facies is: quartz, 30; microcline micro- 
perthite, 27; oligoclase, 28; biotite, 6.5; magnetite, 3; sericite, 3; epidote, 
1; and other minerals including titanite, allanite, apatite, and zircon, 1.5. 
The rock is a granodiorite. The feldspars are generally much granulated, 
but the quartz grains are little granulated and show only moderate un- 
dulatory extinction, indicating that they crystallized late. Deuteric effects 
are plainly shown by myrmekites and albitization of microcline. These 
facts about the basic facies of the Palms granite are important in their 
bearing upon the problem of the origin of the monzonitic porphyry (to be 
discussed). 

The mapped areas of Palms granite contain by no means all of this 
rock. Large amounts of it are more or less intimately associated with 
older rocks in the Pinto gneiss formation, mostly in the form of narrow 
bands of pegmatitic granite parallel to the foliation of the older rocks. 

The Palms granite also produced some satellitic dikes of aplitic granite 
and a few dikes of pegmatite and silexite. Most of these rather sharply 
cross-cut banding or foliation of the Pinto gneiss, the Gold Park gabbro- 
diorite, and the monzonitic porphyry. They are rather irregularly dis- 
tributed, and they lie at all angles, though usually with steep dips. 


MODE OF EMPLACEMENT 
In regard to the mode of emplacement of the Palms granite, the evidence 
at the present erosional level, indicates that: 


1. Various large and small bodies of the magma, under considerable 
pressure, moved into place bodily to crystallize as nearly pure granite 
with only moderate development of primary foliation. 

2. The rising granite magma in many places broke the older rocks, 
particularly the gabbro-diorite, into large and small masses, many 
of which are now visible as inclusions. 

3. The pressure of the invading magma was an important factor in 

rendering schistose the older rocks, particularly small gabbro masses 
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and border portions of larger gabbro-diorite masses, whose attitude 
of secondary foliation follows the borders of the enclosing granite. 

4. Large amounts of pegmatitic granite magma were injected lit-par-lit 
into the older rocks. 

5. The rising magma, rich in magmatic juices, in many places (particu- 
larly near contacts) became impure or contaminated by digestion, or 
assimilation of older, more basic rocks. 

6. The magma, as shown by the usually steep foliation dips and linear 
flow lines in the granite, rose into the earth’s outer shell at a generally 
high angle, mostly toward the east-northeast. 

7. The magma intrusion was, in general, parallel to the general west- 
northwesterly foliation trend, and may have been largely controlled 
by it, but in various places there are exceptions to the rule. 

8. The main intrusion was followed by emplacement of scattering dikes 
of granite, aplite, and pegmatite. 


PINTO GNEISS 
DESCRIPTION 


The Pinto gneiss has been so named by the writer because of its wide- 
spread, typical development in the Pinto Mountains. This formation con- 
stitutes most of the rock of the eastern third of the area under study, and 
various much smaller, scattered masses occur farther west. The formation 
comprises a complex of rocks, rather monotonous in its heterogeneity, and 
distinctly different from any other rock of the region. 

The chief constituents of the Pinto gneiss formation are metamorphic 
facies of the Gold Park gabbro-diorite and Palms granite and pegmatitic 
granite, together with some metasediments. The older rocks have been so 
much cut to pieces and usually so intimately injected lit-par-lit by the 
granite, and esvecially by its pegmatitic facies, that the resulting mixtures 
are mappable only as a metamorphic-igneous complex. In some places the 
granitic material predominates, and in others the older rocks (PI. 1, fig. 2). 
This complex very commonly exhibits a banded structure in which 
alternating layers, from a small fraction of an inch to several yards in 
width, may be well defined, straight, and fairly regular, or locally 
curved or contorted, or very crudely developed with indistinct borders 
(Pl. 1, fig. 3). In other places the mixtures show no true banding. 

Very commonly the dark-gray to nearly black bands of the metagabbro- 
diorite, and the light-gray to pinkish gray bands of granitic material are 
in striking contrast. Some of the metagabbro-diorite shows a distinct 
igneous texture and is only moderately foliated, but more is highly foli- 
ated or schistose, with the hornblende metagabbro-diorite commonly 
changed to biotite schist. Transitional stages between unaltered gabbro- 
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diorite and biotite schist are common. There is here a wholesale devel- 
opment of biotite schist which, to the casual observer, might be called 
paraschist. In fact, the writer believs that, in many regions of banded 
pre-Cambrian gneisses, such a mistake has been made. 

Very locally and irregularly scattered, there are small, relatively wide 
bodies (usually too small to be mapped) of gabbro-diorite, showing va- 
riations to metadiorite, or amphibolite, and biotite schist. 

The bands of granitic material (mostly pegmatitic) of the Pinto gneiss 
vary from massive to highly foliated. In addition to the granitic bands, 
there are many irregularly distributed dikes of granite, aplite, pegmatite, 
and even silexite. These dike offshoots of the Palms granite cut the older 
rocks at various angles. 

Border relations of the Gold Park gabbro-diorite and Pinto gneiss, 
where the latter contains much granite, are excellently shown in con- 
nection with the large body of gabbro-diorite near the mouth of Gold 
Park Canyon. Some details of this occurrence are here given by way 
of example. The gabbro-diorite shows considerable original (mag- 
matic) variety in composition, texture, and structure. Its interior por- 
tion is usually coarse-grained and massive, but many irregular border 
portions of it, hundreds of feet wide, are secondarily foliated and inti- 
mately cut by, and involved with, granite. The granite and pegmatitic 
granite show even more variety than the gabbro-diorite, being commonly 
somewhat impure and moderately to highly foliated. There are strips 
and irregular inclusions of the gabbro-diorite and metagabbro-diorite in 
the granite, arranged parallel to its foliation. 

Some granitic, pegmatitic, and aplitic dikes cut the mixture. Lit-par-lit 
injection gneiss is common. Very locally there are porphyritic textures 
suggesting incipient development of the monzonitic porphyry. Clearly, 
here is a case of development of Pinto gneiss by attack of Palms granite 
upon border portions of Gold Park gabbro-diorite. 

In many places the dikes and bands of granitic material, which have 
cut and injected the old basic rocks, are richer than usual in mafic min- 
erals, particularly biotite. It is believed that many or all such rocks 
resulted from digestion or migmatization of gabbro-dioritic material by 
the granite magma. 

In many places the digestion, or possibly granitization, of the other 
rocks also was carried far enough to produce migmatites. A thin section 
of somewhat granite-soaked quartzite shows (by volume percentages) 
the following minerals: quartz, 70; microcline perthite, 9; oligoclase-al- 
bite, 7; biotite, 9; garnet (much altered to chlorite), 3.5; sericite (from the 
plagioclase), 1; and a little magnetite and zircon. The section shows a 
rather uniform mosaic texture. A thin section of granite-soaked or digested 
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dioritic material in a banded gneiss shows: oligoclase-albite, 35; quartz, 
20; microcline, 15, epidote, 20; sericite (from the plagioclase), 5; chloritic 
biotite, 3; magnetite, 1; titanite, 1; and a little apatite and hematite. The 
large amount of epidote is especially noteworthy. It is a granular deriva- 
tive of the plagioclase. A thin section of more thoroughly granite-soaked 
dioritic rock shows: microcline perthite, 38; quartz, 30; oligoclase, 20; 
biotite, 7; magnetite, 1.5; sericite, 1; and small amounts of allanite, gar- 
net, zircon, and apatite. 

Here and there in small localized zones rather crudely developed por- 
phyritic gneisses occur, some having the nature of augen gneiss. The writer 
believes that such gneisses were produced by digestion of metadiorite by 
the granite magma and crystallization of the contaminated magma, ac- 
companied locally by crushing of phenocrysts. 

The foliation of the Pinto formation shows a general north-northwesterly 
strike with steep westerly dips, but there are many local exceptions, such 
as low dips and local contortions. 


ORIGIN 


Some of the main processes involved in the production of the Pinto 
formation seem to have been as follows. The Palms granite magma, under 
great pressure, and preceded by mobile, penetrative pegmatitic portions 
rich in magmatic juicer, entered the older rocks, metagabbro-diorite and 
others, usually parallel to their foliation, at first in thin sheets, many of 
which gradually became thicker sheets, and also in broader or wider 
masses. Not uncommonly the granitic magma cross-cut the foliation of 
the older rocks at various angles. Magmatic flowage under pressure dur- 
ing a late stage of magma consolidation caused many of the granitic 
bands and dikes to become foliated. Thus the older rocks were cut to 
pieces by the magma, mostly into thin and thick strips, bands, and lenses, 
with resultant development of much banded gneiss. This movement of 
the granitic magma, particularly the earlier advance portions rich in mag- 
matic juices, is believed to have carried away, usually to higher levels, 
large amounts of the old basic country rocks. Also, the passage of granitic 
| magma, rich in juices, through the older rocks involved some local diges- 
tion or assimilation of the older material by the magma in many places 
| causing it to become an impure (syntectic) magma. Injection, soaking, 
and replacement of the older rocks were, no doubt, important factors in 
the emplacement of the granitic magma. The resulting combination was 
then further cut irregularly by some granitic, aplitic, pegmatitic, and silex- 
itic offshoots of the granitic magma. It is probable that regional pressure 
during intrusion of the granite magma, aided by its shouldering action, 
foliated the older rocks. 

In regard to banded injection gneisses, Harker (1932, p. 302) says: 
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“When the spacing is wide enough to exhibit the two distinct rocks in their indi- 
viduality, the dual origin of the complex is sufficiently evident. Often dark bands, 
rich in biotite, are seen alternating with pale bands, mainly quartzo-felspathic. In 
many of the rocks styled injection-gneisses, however, the blending of the two ele- 
ments is more complete. The crystals of the different bands interlock, and the 
parallel orientation of crystals and coarseness of grain are common to both. More- 
over, there has been a certain amount of reaction between them at junction... . 
The material in contact with the magma having been brought into chemical equi- 
librium with it, there can be no further reaction; so that assimilation is normally 
restricted within very narrow limits. If, however, the injections are very close to- 

ther, the intervening thin leaves of sedimentary material may be entirely assimi- 
ated, and the true nature of the resulting composite rock is then to be perceived 
only by careful scrutiny.” 

Substituting metagabbro-diorite for sedimentary material, these prin- 
ciples, as stated by Harker, may well be applied to the Pinto gneiss. The 
present writer would, however, add the idea that much of the older (meta- 
gabbro) material, as it reacts or is assimilated along its borders, is carried 
away by the magmatic materials as they move through, and thus the bands 
of metagabbro-diorite gradually narrower and the bands of granitic 
material become gradually wider, until the remnants of the metagabbro- 
diorite will be so thoroughly assimilated as to produce a contaminated or 
syntectic granite. The writer also believes that, because of the soaking or 
penetrative power of the invading magmatic material, the reaction or as- 
similation would extend considerably beyond the actual contacts. 

Sederholm’s term anatexis probably covers the process advocated in 
the present paper better than syntexis. According to Sederholm (1934, 
p. 243), ““Anatexis may be defined as a process by which a granitic magma, 
in most cases rich in water, forces its way upward, assimilating fragments 
of the brecciated older rock masses which are to a great extent refused, or 
rather, re-solved by the magma.” He calls the product a migmatite. In the 
Pinto gneiss, however, there is little evidence either that the attacking 
magma produced much brecciation or that there was a great deal of as- 


similation at any given level. 
COMPARISON WITH OTHER OCCURRENCES 


The origin of the Pinto gneiss formation is believed to have been almost 
exactly the same as that of the San Gabriel formation in the mountains 
north of Los Angeles and recently described by the writer (Miller, 1934, 
p. 7-9, 55). 

During the last few years of his long field experience in the Adirondack 
Mountains of New York, the writer became convinced that many exten- 
sive banded gneisses there were formed by penetration and lit-par-lit 
injection of foliated metagabbro by pegmatitic granite magma in a manner 
similar to that commonly produced by the action of the granite upon still 
older well-bedded Grenville metasediments in the same region. The action 
of the granite magma on the older rocks there involved soaking, replace- 
ment, and probably local assimilation. It was so pronounced that only 
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scattering remnants of practically unaffected Grenville and gabbro may 
be shown on Adirondack geologic maps, as, for example, that of the writer’s 
Luzerne quadrangle (Miller, 1923, geologic map). Most of these Adiron- 
dack mixed rocks are similar to the Pinto gneiss formation with its un- 
mapped remnants of metasediments and mapped remnants of gabbro and 
metagabbro. 

G. H. Anderson (1937, p. 22, 23) in a recent paper on granitization and 
related phenomena in the Inyo Range of California, says that “hitherto, 
most migmatites have been considered to have been formed by the actual 
injection of magmatic material in thin sheets between beds, or lamella, 
of sedimentary or schistose material. It is difficult for the writer to vis- 
ualize how this process could be carried on, especially where thin sheets 
can be traced hundreds, or even thousands of feet from the actual contact.” 
He also says that “the injection hypothesis, as the writer understands it, 
involves the addition of magmatic material to the country rock without 
corresponding loss. This means either a great increase in density or a 
great decrease in volume of the country rock.” Anderson (1937, p. 73) 
also argues that considerable bodies of granite were formed in situ by 
granitization of country rocks. The forcible injection of large quantities 
of dry magma, producing little or no effect, upon the country rock would, 
of course, be rather difficult to visualize. But why impose such limiting 
conditions? According to the present writer’s theory, a steady removal of 
dissolved, replaced, or assimilated country-rock material makes room for 
the later advance of true granitic (commonly pegmatitic) magma. The 
granitic bands of banded injection gneiss, therefore, consist of true granite, 
and certain iarger bodies of granite, instead of being formed in situ by 
granitization represent crystallization of true magma, rendered locally 
impure by reaction with last remnants of the country rocks. 


MONZONITIC PORPHYRY 
DESCRIPTION 


The monzonitic porphyry of the Twenty-nine Palms region is a remark- 
able formation—the finest of its kind ever seen by the writer. Seven areas 
of the porphyry are shown on the accompanying geologic map, the largest, 
several souare miles, covering the northeastern flank of Forty-nine Palms 
Mountain. The origin of the porphyry is an important problem. 

Megascopically the typical monzonitic porphyry has a gray to pinkish 
gray, medium to moderately coarse grained, massive to strongly foliated, 
dioritic to quartz monzonitic groundmass. In it are irregularly embedded 
25 to 40 per cent of euhedral crystal (both single and twinned) of potash 
feldspar commonly from less than one inch to 7 inches in length. Locally 
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Figure 1. ORTHOCLASE CRYSTALS FROM THE MONZONITIC PORPHYRY 
Both twinned and untwinned crystals are shown with their characteristically 
rough surface. 


Ficure 2. GENERAL VIEW OF WHITE TANK MONZONITE AT WHITE TANK 
One of its three conspicuous joint sets is well shown near its contact with the Pinto gneiss 
(lower right) 


ORTHOCLASE CRYSTALS AND WHITE 
TANK MONZONITE 
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Ficure 1. WHITE TANK MONZONITE WEATHERING INTO GREAT ROUNDED MASSES 
; About 2 miles south-southwest of Desert Queen Mine. 


Ficure 2. HorRIzONTAL SHEET JOINTING MONZONITE 
About 114 miles southeast of Desert Queen Mine. 


Figure 3. Contact BETWEEN WHITE TANK MONZONITE (RIGHT) AND PRE- 
CAMBRIAN ROCKS 
At head of Rattlesnake Valley. 


WHITE TANK MONZONITE 
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the foliation curves around the big feldspar crystals. The groundmass 
here and there contains some small masses of fine-grained dark material 
with fady boundaries. These are believed to represent more or less altered 
inclusions of old metagabbro-diorite. 

Microscopically the groundmass proves to be rather variable in mineral 
composition. The average (by volume percentages) of seven thin sec- 
tions is as follows; microcline, somewhat perthitic, 20; albite and oligo- 
clase-andesine, 39; quartz, 17; hornblende, 16; biotite, 3; magnetite, 2; 
epidote, 1.5; titanite, 1; and others, 0.5 (including apatite, zircon, allanite, 
garnet, and sericite). The average composition of the groundmass is, 
therefore, about that of granodiorite. Most of the quartz grains show 
strong undulatory extinction. The hornblende seems to be sodic with a 
bluish green, greenish blue, light greenish yellow pleochroism. In one 
specimen, from a highly foliated, schistose facies, the original hornblende 
was probably all changed into biotite. The sections of well-foliated speci- 
mens generally show inequiangular textures; those of non-foliated speci- 
mens are equigranular. A mortar texture is common, particularly in the 
more-foliated groundmass. There is much evidence of deuteric activity 
as shown by albitization and epidotization, and less commonly by epi- 
dote and biotite filling cracks in feldspars, and by a tendency for quartz 
to be concentrated crudely in bands parallel to dark minerals in some 
of the foliated specimens. 

The feldspar phenocrysts show crystal forms of orthoclase—both single 
crystals and Carlsbad twins being common (PI. 3, fig. 1). Some of them 
are much more thickset than others. Most of the phenocrysts are distinctly 
euhedral, but not uncommonly they seem to have been partly corroded 
or resorbed. In detail the crystal faces are usually rather rough because 
indented by mineral grains of the groundmass. They are, as a rule, re- 
markably fresh. When broken open they are light pinkish gray to flesh- 
colored. When the phenocrysts are broken open, their interiors nearly all 
show numerous inclusions of various light and dark mineral grains, 
mostly too small to be determined by the naked eye. These inclusions 
represent all the minerals of the porphyry groundmass. They are usually 
arranged in groups or zones more or less distinctly parallel to the crystal 
faces. There are few of the included minerals in the comparatively wide 
areas between the borders of the groups of inclusions and the crystal 
faces. In other cases the inclusions seem to be more irregularly scattered 
throughout the phenocrysts. Evidently the phenocrysts started to crys- 
tallize after all other minerals of the porphyry began to grow, because 
they contain inclusions of all such minerals, some of them idiomorphic. 
Another interesting fact is that the twinning surface is in some cases 
decidedly curved toward one end of a crystal. 
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In large parts of the porphyry which show little or no foliation the 
phenocrysts are unevenly distributed (Pl. 2, fig. 1). In foliated parts of 
the formation, there is a considerable tendency for the phenocrysts to lie 
parallel with the foliation, but notable exceptions are common. There 
are a good many cases, in the strongly foliated parts of the formation, 
where the phenocrysts have been deformed by squeezing and crushing 
into more or less lenslike, highly granulated forms. In extreme cases, 
original phenocrysts an inch or two long have been drawn into narrow 
lenses several inches long (PI. 2, fig. 2), roughly simulating a lit-par-lit 
injection gneiss. Locally within distances of 10 to 25 feet, every grada- 
tion from the massive porphyry, with euhedral irregularly arranged 
phenocrysts, to the highly foliated facies, with highly deformed pheno- 
crysts, may be observed. 

A typical outei f the porphyry, with its dense aggregation of large 
feldspar phenocrysts, each standing out in relief (due to weathering), is 
an impressive sight. At various localities, literally thousands of the fresh, 
commonly euhedral phenocrysts, weathered out of the great outcrops, 
strew the surface of the ground. Some of the dark minerals of the ground- 
mass cling to the faces of many of these loose crystals. 

Microscopically the feldspar phenocrysts show some significant fea- 
tures. Ten thin sections have been cut, representing interior portions of 
both untwinned and twinned phenocrysts and both transverse and vertical 
slices. About 80 to 90 per cent of each phenocryst consists of micro- 
perthitic orthoclase of which albitic material constitutes about 10 to 20 
per cent. Various forms of albitization of the orthoclase are shown, from 
hazy, shadowy patches and spindles to very plain and fresh albites. 
Nearly all the albite shows parallel extinction. Oligoclase (4 to 10 
cent) occurs in each slide, part of it in small patches in the microperthite, 
but most of it in small irregularly arranged grains, many of them with 
quartz and some orthoclase, filling irregular cracks or zones in the micro- 
perthite. Quartz (5 to 17 per cent) occurs in each slide. Irregularly ar- 
ranged and variously oriented, anhedral, large and small quartz grains 
with undulatory extinction occur within the groups of mineral inclusions. 
Some small grains of quartz also occur, either alone or with oligoclase, 
filling irregular cracks in most of the slides. Scattering grains of titanite 
(0.25 to 2 per cent), megnetite (0.25 to 1 per cent), and apatite (about 
0.25 per cent) appear among the mineral inclusions in all slides. Less 
than 0.5 per cent each of hornblende, biotite, epidote and zircon occurs 
in most slides. Allanite was observed in one. It is evident from the 
microscopic description that the phenocrysts of orthoclase have under- 
gone considerable replacement by albite. 
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Before leaving the description of the porphyry, it should be emphasized 
that, in many large masses as well as in single outcrops, the rock is notably 
variable in regard to degree of foliation, mineral composition, and dis- 
tribution and size of the phenocrysts. Such variations are particularly 
obvious in narrow and wide zones parallel to the foliation where the latter 
is well developed. 

The foliation strike of the porphyry parallels that of the adjacent 
Palms granite and the Pinto gneiss, and it is, therefore, from north-south 
to northwest. Foliation dips are nearly all high to the west. Very locally, 
zones one or 2 feet wide within the typical porphyry are almost devoid of 
phenocrysts. 


RELATIONS TO OTHER ROCKS 


The monzonitic porphyry is definitely younger than the Gold Park 
gabbro-diorite, because in many ‘places the former holds inclusions 
(locally numerous) of the latter and also because in places the porphyry 
cuts metamorphosed facies of the gabbro-diorite. The inclusions both 
small and large, many of them strips or crude lenses, are usually arranged 
parallel to a crude foliation of the porphyry. They are mostly amphi- 
bolitic metagabbro-diorite with boundaries fairly sharp to very fady. 
Many such inclusions occur here and there in the larger body of the por- 
phyry south and southwest of Twenty-nine Palms. These basic inclu- 
sions show every stage of digestion or assimilation, from fairly well 
defined masses, through more or less granite-injected ones, and crudely 
porphyritic injection gneiss containing small, subhedral potash feldspar 
individuals, to the typical monzonitic prophyry. This large body of 
porphyry is cut irregularly by many granite and aplite dikes which are 
offshoots of the Palms granite. Where the porphyry lies in contact with 
the gabbro-diorite, as in lower Gold Park Canyon, the prophyry is the 
younger, because it cuts a border of the gabbro-diorite. 

There is a close genetic relationship between the monzonitic porphyry 
and the Palms granite. This is obvious in many places where one grades 
into the other. This is such an important fact in its bearing upon the 
genesis of the porphyry that a few cases will be described. 

The small mapped lens of the porphyry lying between the gabbro and 
the Palms granite in Lower Gold Park Canyon is directly associated with, 
and plainly merges into, the granite. 

East of the mouth of Forty-nine Palms Canyon, there is a generally 
traceable contact between the porphyry and the granite. The porphyry 
is typical, containing phenocrysts of feldspar 2 to 6 inches in length, a 
little east of the contact. The granitic rock, from the contact west for 
fully a quarter of a mile, varies greatly in composition, texture, and 
structure. It is fine- to medium-grained, massive to well-foliated, light- 
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to medium-gray, and has a mafic mineral content running to 20 per cent 
or more. It is quite certainly an impure or contaminated facies of the 
Palms granite into which it grades farther west. Local facies of it con- 
tain scattering, poorly formed, small orthoclase phenocrysts. Much of 
this impure granite looks like the groundmass of the typical monzonitic, 
porphyry. Along the general contact, foliation strikes and steep dips of 
both porphyry and impure granite are the same. A good many dikes of 
the impure granite cut into the porphyry, most of them parallel to its 
foliation. 

Near the base of the mountain 144 miles southwest of Twenty-nine 
Palms, the typical porphyry locally becomes less and less porphyritic and 
finally merges into granite. 

Where the two big tongues of the porphyry reach into typical, foliated, 
biotitic Palms granite near the head of Rattlesnake Valley, the porphyry 
is plainly cut by small and large dikes of the granite which usually do 
not show very sharp contacts against the porphyry. Some small aplitic 
dike facies of the granite sharply cut the porphyry. Both porphyry and 
granite contain some long strips of banded Pinto gneiss, and the two 
rocks show parrallelism of strike and dip. It seems clear that both rocks 
are closely related in time, with the porphyry emplacement a little older. 

That the porphyry had intrusive power, and that it is at least some- 
what younger than the Pinto gneiss, are proved by various occurrences 
of porphyry dikes in the Pinto banded gneiss, usually parallel to its folia- 
tion, and by the cross-cutting of the Pinto gneiss by the porphyry. An 
excellent case in point is along the prominent contact extending up the 
steep mountainside 314 miles south of Twenty-nine Palms. The typical 
porphyry cuts across the strike of the vertically dipping Pinto banded 
gneiss, sending several dikes of the porphyry, 100 to 300 feet in length 
and 5 to 20 feet in width, into the gneiss parallel to its foliation or nearly 
so. These dikes exhibit a foliation, especially near their borders, where 
the phenocrysts have been crushed and drawn out, by frictional drag in 
the magma, into narrow lenses. 

Here and there within the Pinto gneiss formation, there are local dikes 
or crude dikelike masses of porphyry, many of them foliated, and not 
directly traceable as offshoots of any of the mapped bodies of the por- 
phyry. Most of these masses are in contact with metagabbro-diorite 
portions of the gneiss, without sharp boundaries, but the change from 
porphyry to country rock occurs within an inch or two (PI. 2, fig. 3). 
They are nearly all parallel to the foliation and banding of the Pinto 
gneiss. A fine example is the belt of porphyry, 10 to 30 feet wide and 
several hundred feet long, at the northeastern side of Rattlesnake Valley. 
At many places, dikes of aplitic granite and, less commonly of granite, 
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satellitic from the Palms granite, cut the monzonitic porphyry more or 
less sharply. These are usually a foot or two wide and irregularly dis- 
tributed, and some show primary foliation parallel to their walls. They 
are most common near the contacts with the large bodies of granite. 

The White Tank quartz monzonite is definitely much younger than 
the porphyry, as proved not only by the marked structural differences 
between the two formations, but also by the large dikes of White Tank 
monzonite dikes cutting the porphyry sharply near the upper end of 
Rattlesnake Valley. 

ORIGIN 

A great deal of attention has been given to the problem of the origin 
and emplacement of the monzonitic porphyry. It is, to say the least, a 
difficult problem, no doubt involving a rather complicated set of proc- 
esses, some of which are by no means well understood—certainly not in 
detail. On the basis of numerous field and laboratory observations, the 
writer offers the following explanation of the origin of the porphyry. 

At a given time during the intrusion of the Palms granite magma into 
the country rocks, which latter consisted very largely of foliated meta- 
gabbro-diorite, magmatic juices and volatiles first, and then granite 
magma itself (mostly pegmatitic), penetrated the country rocks, largely 
in lit-par-lit fashion, accompanied by more or less soaking and replace- 
ment, at higher levels; at lower levels, there was rather thorough diges- 
tion and assimilation, and probably some melting, of country rock by the 
granite magma, thus involving syntexis (or anatexis) and the develop- 
ment of a syntectic magma. During the long-continued process of 
invasion of the country rocks by the magmatic juices, pegmatitic granite 
magma, and true granite magma, much of the original metagabbro-diorite 
material was carried to higher levels, leaving only remnants at the lower 
levels. The metagabbro-dioritic remnants were so much soaked, reacted 
upon, and heated by the granite magma, particularly its pegmatitic facies, 
that the contaminated or syntectic magma crystallized under conditions 
favorable to the development of numerous large phenocrysts of potash 
feldspar. It is believed that, at such lower levels, and in some such 
manner, the monzonitic porphyry began to form. 

According to Grout (1932, p. 188), “it seems likely that a magma 
already fused may dissolve some rocks in the crusi, but it is very doubtful 
whether heat generated in rocks or heat added from a magma or any 
other source will fuse any large mass of rock in the crust.” With this 
statement the writer is in agreement. Under the conditions which ob- 
tained in the production of the syntectic magma of the porphyry, only 
relatively small amounts of country rock were reacted upon and dis- 
solved by large amounts of granite magma. 
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It is believed that four important factors favoring the assimilation 
were: (1) the comparatively high temperature of the deep-seated country 
rocks before they were invaded by the granitic magma; (2) the pegmatitic 
nature of the granitic magma which, at a considerably lower temperature 
than dry magma, caused it to be especially effective in reacting with and 
dissolving country rock material; (3) the foliated structure of the coun- 
try rocks which facilitated extensive lit-par-lit intrusion, thus allowing 
relatively thin masses of country rocks to be attacked by the magma; 
and (4) the emplacement of the granitic magma in pre-Cambrian (prob- 
ably early pre-Cambrian) time when, under conditions of an unusually 
steep thermal gradient, as advocated by Daly (1933, p. 208), especially 
abundant volatiles and magmatic juices worked upward during the 
“sweating” of the young earth and brought high temperatures and fluxing 
power with them. 

That the monzonitic porphyry crystallized from a magmatic condition, 
and that it had intrusive power, are indicated by the following facts: 
(1) the rock, particularly its ground mass, has a well defined igneous 
texture; (2) it cross-cuts the Pinto gneiss on a fairly large scale; (8) it 
sends dikes into both the Pinto gneiss and the metagabbro-diorite; (4) it 
contains many inclusions of the metagabbro-diorite whose boundaries are 
fairly sharp to very fady; and (5) much of it shows magmatic flow- 
structure foliation. 

Lack of uniformity of the porphyry in degree of foliation, composition, 
and size and distribution of the phenocrysts, mainly parallel to the folia- 
tion of the rock, resulted because the thick and thin sheets of granitic 
magma, moving through the non-uniform country rocks mostly parallel 
to their foliation, became unevenly contaminated and the resulting sheets 
of syntectic magma failed to become thoroughly mixed. 

Differential upward movement of the crystallizing magma during a 
late stage of magma consolidation under considerable pressure caused 
the development of the variably foliated structure of the porphyry, 
especially where there was frictional drag near the borders of the country 
rocks. This was accompanied locally by shearing and (or) granulation 
of the nearly consolidated groundmass and the granulation of pheno- 
erysts, and their deformation into lenses, parallel to foliation. 

Potash-rich juices from the syntectic magma here and there worked 
short distances into the adjacent country rocks, resulting in the crystalli- 
zation of some orthoclase crystals in such places (PI. 2, fig. 3). 

Among the principal reactions invelved in producing the monzonitic 
porphyry syntectic magma by attack of granitic magma upon gabbro- 
diorite and metagabbro-dioritic material were: (1) conversion of the 
more-basic plagioclases of the original basic rock into the more-acidic 
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ones of the porphyry and (2) conversion of pyroxene and olivine of the 
basic rock into hornblende. Much of the potash feldspar crystallized 
out as orthoclase in the form of the large phenocrysts, and some as 
microcline in the groundmass, instead of all as microcline, as in the 
granite. 

The impure or syntectic granitic magma was probably rather rich in 
magmatic juices, and, therefore, of comparatively low viscosity, making 
it favorable for diffusion of those constituent molecules, such as potash 
feldspar, which were abundant in the magma. It seems certain that in 
some manner the assimilation of the basic material made conditions in 
the magma favorable for the growth of the numerous, exceptionally 
large, generally euhedral, orthoclase phenocrysts, probably by disturb- 
ing the equilibrium of the granitic magma, and possibly also by cata- 
lytic action. Nockolds (1933, p. 570) says that reciprocal reaction be- 
tween country rock and magma “enables phases to crystallize from con- 
taminated magma which would not have crystallized from the normal 
magma.” 

During one stage of cooling of the syntectic magma, the orthoclase 
phenocrysts grew large rapidly and, particularly during the earlier stages 
of their growth, they were able to enclose, along their margins, some of 
the small mineral grains which had crystallized out comparatively early. 
Thus the poikilitic texture of the phenocrysts may be explained. 

Under the conditions outlined, the phenocrysts developed rather rough 
faces because of crystallization of much of the groundmass material at 
the same time or before the crystal faces were forming, thus causing 
indentation of crystal faces by groundmass minerals. Locally, some cor- 
rosion of phenocrysts occurred, especially in zones of primary foliation. 

The large orthoclase crystals in the monzonitic porphyry are called 
phenocrysts rather than metacrysts or porphyroblasts, because it is be- 
lieved that they crystallized out of a magma, although it was a syntectic 
magma. They are embedded in a distinctly igneous groundmass, and 
some of them are corroded. Metacrysts or porphyroblasts are usually 
defined as large crystals of secondary origin in metamorphic rocks or as 
“large crystals formed by recrystailization in a finer matrix of schist or 
slate.” Locally, comparatively small, scattering, orthoclase individuals, 
usually lacking crystal form, occur within the metagabbro-diorite close 
to typical prophyry. Such individuals are, strictly speaking, neither 
metacrysts nor phenocrysts, because they crystallized directly from in- 
troduced magmatic material, and they are not embedded in an igneous 
groundmass. 

After the orthoclase phenocrysts were well formed in the monzonitic 
porphyry, there were enough late magmatic fluids to produce in them 
notable deuteric effects such as albitization and epidotization. 
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SIMILAR PORPHYRIES ELSEWHERE 

Porphyries, more or less similar to those of the Twenty-nine Palms 
region, are known in many places, but rarely, if ever, in such remark- 
able development. Some examples will be discussed briefly. 

At various places in the San Gabriel Mountains of California the 
writer (Miller, 1934, p. 50, 54-55) has observed local occurrences of 
pre-Cambrian porphyritic gneiss directly associated with the banded 
gneisses of the San Gabriel formation. Phenocrysts of potash feldspar, 
less than an inch in length, are set irregularly in a matrix of crudely 
foliated gray gneiss, commonly resembling granite porphyry. Evidence 
is presented to show that the phenocrysts crystallized from syntectic 
magma produced locally by assimilation of metadioritic material by 
pegmatitic granite magma. 

Tn the vicinity of Eagle Mountain Camp near Desert Center in River- 
side County, California, and also 214 miles south-southeast of the camp, 
there are various occurrences of pre-Cambrian porphyry, usually crudely 
foliated, exactly like some less-striking portions of the porphyry near 
Twenty-nine Palms. All stages in the process of assimilation of gabbro- 
diorite and metadiorite strips and inclusions by the intrusive granite, 
with resultant development of the syntectic porphyry, are excellently 
shown. Similar features are well exhibited near Forest Home in the 
San Bernardino Mountains, where orthoclase phenocrysts one or two 
inches long occur in a syntectic rock; near Stoddard Well between Bar- 
stow and Victorville; and at many other places in pre-Cambrian rocks 
of southern California. 

In the northern Inyo Mountains of California, Anderson (1937, p. 27, 
37, 49, pl. 6) has recently explained the origin of a porphyry containing 
subhedral crystals of potash feldspar one to three inches long. It occurs 
as an intermediate zone between granite and country rocks consisting 
of metamorphosed sediments and volcanics. In explaining the origin of 
this so-called “granite porphyry,” Anderson emphasizes granitization 
and minimizes assimilation. He suggests that it was formed in place 
by reactions between magmatic fluids and solid minerals of the country 
rock; that the process began with development of the potash feldspar 
“porphyroblasts” within the schist; that the “porphyroblasts” were un- 
affected by later action and persisted to the end of the process; that little 
of the mass was liquid at one time; and that little material from the 
granite magma was added, so that replacement was only a minor factor. 
The present writer, after such experience as is here reported, would em- 
phasize replacement and removal of much country rock by magmatic 
material and assimilation of the altered remnants of country rock, thus 
producing a syntectic magma from which the porphyry crystallized. 
From such a magma, potash-rich juices might be sent some distance into 
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the country rocks parallel to their foliation, there to crystallize as scat- 
tering, fairly large potash feldspar individuals rather late in the mag- 
matic process instead of very early according to Anderson’s theory. 

Porphyritic quartz monzonite, in several ways much like the monzo- 
nitic porphyry near Twenty-nine Palms, has been described in various 
parts of the Sierra Nevada, such as the eastern side of the range facing 
the Owens Valley (Knopf, 1918, p. 65-66), Tuolumne Meadows (Cal- 
kins, 1930, p. 126-127), and the Mt. Ritter region (Erwin, 1937, p. 400). 
The orthoclase phenocrysts are much like those of the porphyry near 
Twenty-nine Palms, but they are only half the size, and they are com- 
monly more regularly distributed. The groundmass also is similar, but 
it contains orthoclase instead of microcline, and less biotite and, horn- 
blende, with biotite the more abundant. The porphyritic quartz monzo- 
nite clearly crystallized from a magma which had intrusive power, and 
so it was not formed in situ by recrystallization and replacement of 
country rock. In the Sierra Nevada the general plutonic succession was 
diorite or gabbro, quartz monzonite, porphyritic quartz monzonite, and 
granite. The monzonites are distinctly more basic than the granite, most 
of them carrying 10 to 20 per cent of mafic minerals; the granite is nearly 
devoid of then. Knopf (1918, p. 67) says: 


“Noteworthy is the fact that the porphyritic quartz monzonite, although charac- 
terized by conspicuous phenocrysts of orthoclase, is not richer in orthoclase than the 
nonporphyritic quartz monzonite. This would seem to render improbable the sug- 
gestion that the porphyritic habit had been brought about, during the cooling of 
the magma, by orthoclase crystals, which had crystallized out early, rising to the 
upper portions of the batholithic chamber because of their inferior density. . . . The 
cause of the porphyritic development of the orthoclase remains unknown, but may 
have been a locally increased concentration of the volatile fluxes, which tend to 
accumulate in the higher parts of the batholith.” 


Erwin (1937, p. 401-402), speaking of the Mt. Ritter region, says that 
small dark inclusions are abundant in the quartz monzonites, and rela- 
tively scarce in the porphyritic quartz monzonites, and also that the lack 
of gradations of the inclusions toward exposed wall rocks “is explained 
if the inclusions are fragments that have reacted considerably with the 
magma and have been carried upward.” How common are basic inclu- 
sions, ranging from those with well-defined borders to those with indis- 
tinct borders, in the more-acidic facies of the Sierra Nevada pluton? 
The writer has seen them in many places. As recently as June, 1937, 
he noticed such basic inclusions, sharply defined to fady, in the grano- 
diorite for 10 or 15 miles eastward from Kyburz on the Placerville-Lake 
Tahoe road. All facts considered, is it not possible that granitic magma 
assimilated some diorite or other country rock material at considerable 
depth, thus forming a syntectic magma which crystallized to form the 
Sierra Nevada porphyry much as in the case of the porphyry near 
Twenty-nine Palms? 
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In the Adirondack Mountains of New York, many comparatively 
small bodies of so-called “granite porphyry” have been mapped as facies 
of the great syenite-granite series. It varies considerably in composi- 
tion, but its average is about that of quartz monzonite carrying about 
10 to 15 per cent of mafic minerals. It is usually more or less foliated. 
The phenocrysts, commonly microcline, are seldom more than an inch 
in length. Many of them have been highly granulated and squeezed 
out into crude lenslike forms parallel to the foliation. During the writer’s 
last few years of field work in the Adirondacks, he became convinced 
that this porphyry crystallized from a contaminated or syntectic magma 
produced locally where pegmatitic granite magma intimately cut to 
pieces, injected, reacted with, and assimilated some metagabbro (amphib- 
olite) or Grenville material, or both. This theory is strongly supported 
by the facts that the porphyry commonly shows gradations into the 
granite as well as into mixed gneisses of granite and meiagabbro or 
Grenville; that small bodies of the porphyry seem to have developed 
locally as assimilation products in the mixed rocks; and that many basic 
inclusions with more or less fady boundaries occur in the porphyry. 
The cases described, and many more which could be cited, strongly 
support the theory that many strikingly porphyritic, rather acidic, plu- 
tonic rocks crystallized from syntectic magmas which were produced 
rather locally where conditions for assimilation were favorable. In the 
case of the monzonitic porphyry near Twenty-nine Palms, California, the 
conditions were extraordinarily favorable for porphyritic development. 


AGE OF THE ROCKS ALREADY DESCRIBED 


It is confidently believed that the metasediments, Gold Park gabbro- 
diorite (and metagabbro-diorite), Palms granite, Pinto gneiss, and mon- 
zonitic porphyry are all of pre-Cambrian age, and more than likely early 
pre-Cambrian. Reasons have been given by the writer (Miller, 1934, 
p. 63-64) for the earlier pre-Cambrian age of a similar succession of 
similar rocks—Placerita metasediments, Rubio diorite and metadiorite, 
Echo granite, and San Gabriel formation (including some porphyries)— 
in the San Gabriel Mountains of southern California. Vaughan’s (1922, 
p. 345-352) “undifferentiated schists” of the San Bernardino Mountains 
are similar to both the San Gabriel formation and the Pinto gneiss, and 
his “schists” are much older than the Paleozoic metasedimentary forma- 
tions of the same region. 


WHITE TANK MONZONITE 
DESCRIPTION 


The White Tank monzonite is so named because of its typical occur- 
rence in the vicinity of White Tank, 10 miles south of Twenty-nine 
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Palms. The largest body mapped occupies fully 20 square miles of the 
middle-southern part of the district under consideration, but it extends 
several miles farther west. This will be called the White Tank area. 
The next largest body mapped occupies about 10 square miles of the 
middle-western side of the region, but it extends from 2 to 5 miles farther 
west. This will be called the Keys Ranch area. A number of smaller 
bodies of the monzonite are mapped, and possibly others were missed 
in rough and difficultly accessible areas such as Forty-nine Palms 
Mountain. 

Megascopically the typical monzonite is light-gray to light pinkish 
gray, medium to moderately coarse grained, contains several per cent 
of mafic minerals (mainly biotite and magnetite), and is remarkably 
massive, though here and there faint primary foliation may be detected 
in outcrops. Numerous extensive outcrops are characterized by big, 
light-brown, rounded joint blocks and boulders of weathering, com- 
monly from 5 to 50 feet in diameter. The term “Wonderland of Rocks” 
has often been applied to these impressive outcrops (PI. 3, fig. 2; Pl. 4, 
fig. 1). The rock shows some variety and is at some places pegmatitic, 
especially within a few inches of the contact, such as is shown just east 
of White Tank; and at others a little finer grained than normal. Also 
in some places (very locally) the mafic minerals are a little more abun- 
dant than average, probably because of magmatic digestion of meta- 
gabbro-dioritic material. At several such places, numerous small, basic 
inclusions show all stages of magmatic digestion. In a few places, facies 
of the quartz monzonite look a good deal like the Palms granite, but 
intrusive contacts reveal the difference. Usually, however, the quartz 
monzonite is remarkably uniform in composition, texture, and structure 
in very large masses. 

Microscopically the typical rock proves to be a quartz monzonite. The 
average mineral composition (by volume percentages) of thin sections 
of the rock from varicus outcrops is: quartz, 31; microcline, 20; micro- 
perthite, 20; oligoclase, 23; albite, 1; biotite, 3; magnetite, 1; and others 
(including sericite, epidote, hornblende, zircon, allanite, apatite, and 
titanite), 1. Quartz, microcline, microperthite, and oligoclase constitute 
the bulk of the rock. The quartz shows moderate undulatory extinc- 
tion. Nearly all slides contain biotite, magnetite, zircon, and apatite. 
The texture is granitoid. There is moderate granulation, in some cases 
between mineral grains. Some deuteric epidotization occurs in about 
half the slides. 

The White Tank monzonite plainly and sharply cuts all the other 
rocks already described. A few examples will be mentioned. The 
monzonite shows a sharp intrusive contact against the Gold Park gabbro- 
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diorite a few miles east of Keys Ranch, and dikes of the monzonite cut 
several other bodies of the gabbro-diorite and metagabbro-diorite. In- 
clusions of metagabbro-diorite occur in a few places in the monzonite, 
particularly near its contacts with gabbro-diorite masses. Some of these 
inclusions are well-defined, and others are very indistinct, having been 
almost completely digested by the monzonite. Many of them contain 
small potash feldspar crystals probably produced from monzonitic 
magma juices which penetrated them. Good examples may be seen in 
the small monzonite body east-northeast of Ragman Camp, and also 
near the small gabbro-diorite mass 114 miles south-southeast of Desert 
Queen Mine. A small body of metagabbro-diorite, one mile northwest 
of Anaconda Mine, has been irregularly cut to pieces (Pl. 5, fig. 2) by 
a network of White Tank monzonite dikes, and many of the pieces have 
been somewhat magma-soaked. It is important to note that about the 
only effects of anything like granitization or digestion of country rock 
by the monzonitic magma involved some small fragments of gabbro- 
diorite and metagabbro-diorite, the most basic of all the country rocks. 

Long sharp contacts of the monzonite against the Palms granite are 
visible at the head of Rattlesnake Valley, 21% miles southeast of Keys 
Ranch, and along the northern boundary of the White Tank area. Clear- 
cut dikes and small stocks of the monzonite also lie within the old gran- 
ite. In a few places, clear-cut inclusions of the granite were seen in the 
monzonite, particularly near its borders. 

Contacts of the monzonite against the Pinto gneiss are sharp, being 
particularly impressive in the vicinity of White Tank (Pl. 5, fig. 1). 
Because of lack of vegetation, ruggedness of topography, and the char- 
acteristic weathering and light color of the monzonite, its sharp contacts 
against the older rocks are often, from a distance, plainly traceable by 
the eye for distances of half a mile or more (Pl. 4, fig. 3). At only a 
few places, however, were any inclusions of Pinto gneiss found in the 
monzonite, and these are small, sharply defined, and near contacts. 

Well-defined large and small roof-pendants of Gold Park gabbro- 
diorite, metagabbro-diorite, Palms granite, and Pinto gneiss occur in 
the monzonite of the White Tank area. Some of them have been mapped. 

Dikes of the monzonite cut the monzonitic porphyry at several places, 
as, for example, near the head of Rattlesnake Valley. 

Many dikes of aplite, some of pegmatite, and few of silexite cut the 
White Tank monzonite sharply. A few contacts of aplitic monzonite 
dikes are not sharp. Individual dikes are rarely more than a few feet 
wide, but many of them are traceable for hundreds of feet, with re- 
markably straight courses. The largest aplite dike observed is 25 feet 
wide and a quarter of a mile long. Most of them show steep dips and 
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Figure 1, Contract BETWEEN WuitE TANK MONZONITE (LEFT) AND PINTO GNEISS 
A narrow zone of pegmatite occurs along the nearly vertical contact. Near White Tank. 


Ficure 2. GoLD PARK METAGABBRO CUT TO PIECES BY WHITE TANK MONZONITE 
The basic inclusions are somewhat monzonite-soaked. About one mile northwest of Anaconda 
Mine. 


CONTACT AND INCLUSIONS IN WHITE TANK MONZONITE 
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Ficure 1. JOINTED APLITE DIKE IN WHITE TANK MONZONITE 
Near road 1% miles south-southeast of Desert Queen Mine. 


Ficure 2. VERTICAL APLITE-PEGMATITE DIKE IN WHITE TANK MONZONITE 
Aplite (left) and pegmatite (right). Near road 114 miles south-southeast of 
Desert Queen Mine. 


Ficure 3. Part oF A Basic (TERTIARY?) DIKE 
The dike contains four sharply defined strips of banded Pinto gneiss. In lower 
Goid Park Canyon. 


APLITE, PEGMATITE, AND BASIC DIKES 
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irregular distribution in the monzonite, more commonly near its borders. 
In some places, they stand out in relief and look like stone fences (PI. 6, 
fig. 1). Many dikes and small stocklike masses of the monzonite cut 
the older rocks sharply, but comparatively few of its satellitic aplite, 
pegmatite, or silexite dikes do, and these are near the contacts. Evi- 
dently these satellitic dikes filled joint cracks in the cooling monzonite, 
but had little power to cut the country rocks. 

Megascopically the aplites are light-gray to nearly white, fine to fine- 
medium grained, and massive. A number of thin sections of the aplite 
dikes show the following mineral content by volume percentages: micro- 
cline, 35; quartz, 23 to 37; oligoclase, 25 to 40; and other minerals (biotite, 
magnetite, sericite, and zircon), 1 to 2. There is little or no granulation, 
and there are no deuteric effects. 

An interesting composite dike, 114 miles south of Desert Queen Mine, 
is about one foot thick, stands out boldly several feet above the mon- 
zonite, following a remarkably straight course for several hundred feet. 
One side of the dike is persistently aplite and the other is pegmatite, the 
two showing a moderately sharp contact (PI. 6, fig. 2). 

The White Tank monzonite is much younger than any of the other 
already described rocks of the Twenty-nine Palms region. In regard to 
general uniformity and massiveness, sharpness of contacts and inclusions, 
lack of lit-par-lit invasion of country rocks, and little evidence of exo- 
morphic and endomorphic effects, the monzonite is very different from the 
Palms granite. There are also extensive outcrops of the monzonite in the 
region extending many miles south and southeast of the Twenty-nine 
Palms area. It is probably of late Jurassic or early Cretaceous age and 
to be correlated with the Sierra Nevada granodiorite, and with the Lowe 
granodiorite of the San Gabriel Mountains, the Victorville quartz mon- 
zonite, the Cactus granite of the San Bernardino Mountains, and the 
acidic plutonics of southern San Diego County, all of which are quite 
certainly post-Mississippian and pre-Upper Cretaceous. 


MODE OF EMPLACEMENT 


Any theory as to the mode of emplacement of the White Tank mon- 
zonite must take into account the following facts. With comparatively 
few exceptions the rock is very uniform in texture, composition, and mas- 
siveness. Such uniformity nearly everywhere persists to the contacts, 
though locally pegmatitic granite a few inches thick occurs at the very 
contact. Contacts are actually visible in many places, and they are 
sharp and very steep (Pl. 5, fig. 1). In some places the monzonite con- 
tacts dip steeply toward the country rocks, thus suggesting at least some 
widening of the larger intrusive bodies downward. The two largest 
bodies of monzonite (Keys Ranch and White Tank), including their west- 
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ward extensions, are crudely circular to oval in groundplan. The longer 
axis of the Keys Ranch area follows the general regional trend of foliation 
of the country rocks, but the White Tank area is nearly circular. Their 
contacts nearly everywhere follow gentle, sweeping curves, distinct em- 
bayments of the monzonite into the country rocks being rare, except on a 
small scale involving a few feet. The monzonite does, however, send 
some sharply defined dikes into the country rock. Lit-par-lit injection 
of the country rocks by the monzonite is almost wholly lacking, as is con- 
tact metamorphism, both exomorphic and endomorphic. Replacement of 
country rock by monzonitic magma or its juices is almost nil. There is 
no evidence of more than moderate disturbance or crowding of country 
rocks by pressure of the magma, such disturbance being indicated by 
erratic strikes and dips in the Pinto gneiss near the contacts. Inclusions 
are scarce, particularly in the Keys Ranch area. Groups of small irregu- 
larly arranged inclusions occur here and there near the borders of the 
intrusive bodies. In several places, small, angular to rounded inclusions 
of gabbro or metagabbro in local swarms show all variations, from those 
almost unaffected by the monzonitic magma to others which have been 
considerably granite-soaked and even partially assimilated. These prob- 
ably represent fragments torn from bodies of Gold Park gabbro and 
metagabbro by the rising magma. A number of large and small irregu- 
larly arranged masses of country rock of mappable size occur well within 
the White Tank area. They are practically unaffected by the surrounding 
monzonite, and so they may represent masses of country rocks torn loose 
comparatively high in the rising magma, or they may be roof remnants 
which have not been shifted very far. More than a faint foliation is 
seldom seen in the monzonite, and it may not be parallel with the contact. 
There is some granulation of minerals, and there are some deuteric effects. 
There are some dikes of aplite, pegmatite, and silexite, particularly in 
border portions of the monzonite. Jointing of the monzonite is excellently 
exhibited, on a large scale, especially within about half a mile from con- 
tacts. One prominent steeply inclined set of joints parallels the curving 
contact, with joint faces dipping away from the contact. Two others 
cross each other at right angles and make angles of 45 degrees with the 
first-named set, also dipping away from the contact steeply. These are 
conspicuous at various places around the borders of the large intrusives, 
as, for example, in the vicinity of White Tank (PI. 3, fig. 2). Less com- 
monly, a fourth, nearly horizontal, set of joints is associated with the 
others (PI. 4, fig. 2). 

It is evident, from the array of facts just listed, that, at the level indi- 
cated by the present erosional surface, the mode of emplacement of the 
White Tank monzonite was very different from that of the Palms granite. 
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According to H. Cloos, the former belongs structurally among “granites 
proper” and the latter among “gneissoid granites.” Balk (1925, p. 681), 
interpreting Cloos, says that “granites proper” are “massive rocks, gen- 
erally without platy foliation, with sharp . . . contact lines. Local lit- 
par-lit injections are very seldom observed. The ground plans of the 
massives are often circular, without visible relations to the structure of 
the wall rock. Inclusions show angular contours and do not exhibit as- 
similation. Phenomena of folding are missing.” Such “granites proper” 
exhibit certain more or less definite “stretching” effects and systems of 
joints and dikes. Such intrusive bodies are, by H. Cloos, believed to be 
by no means either bottomless or emplaced under deep-seated conditions. 
Many of the facts in regard to the White Tank monzonite intrusives are 
like those of that part of the Sierra Nevada pluton lying between Mono 
Lake and Convict Lake, as described by Mayo (1935, p. 673-689). There 
is one important difference. Mayo finds much evidence, particularly in 
regard to pronounced structures imposed upon the country rocks sub- 
sequent to folding of the region, that the pluton was forcefully emplaced, 
and that stoping and assimilation were minor factors. There is no evi- 
dence, however, that the emplacement of the White Tank monzonite im- 
posed really important structures upon the country rocks. The problem 
is then, what became of the rocks which once filled the space now occupied 
by the monzonite. Grout (1932, p. 202) says: 

“In many batholithic areas a great mass of material is missing, and the walls are 
not much deformed nor the magma contaminated by assimilation. It appears that 
the rocks have dropped into the magma.” 

Whatever may have been the exact process or processes of their intru- 
sion, the two large intrusive bodies of White Tank monzonite (Keys 
Ranch and White Tank areas) seem to have risen almost vertically into 
the earth’s crust in a clean-cut manner with little or no replacement, or 
pronounced disturbance of the wall rocks. The monzonite magma evi- 
dently reached much nearer the earth’s surface than the Palms granite 
magma. The parts of the monzonite bodies now visible probably con- 
solidated at moderate depths below the roofs of the magmatic bodies. 


TERTIARY (?) DIKES 


BASIC DIKES 


Basic dikes occur in many parts of the area, being especially numerous 
in the Gold Park Canyon region. Others than those shown on the geologic 
map no doubt occur. These dikes cut sharply all previously described 
rocks. They vary in width to 25 feet and in length to nearly 2 miles. 
They are irregularly arranged and cross-cut all older structures. Most 
of them have nearly vertical walls and chilled borders. One of them con- 
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tains small xenoliths of pegmatitic granite, and contains several small 
bands of Pinto gneiss (Pl. 6, fig. 3). Some of the dikes are slightly 
diabasic in textures, and others are mottled by small rounded hornblende 
phenocrysts. All are holoerystalline. They are massive, fine-medium to 
fine grained, and dark gray. Ten thin sections show by volume percent- 
ages: andesine and some andesine-labradorite, 50 to 70; hornblende, 20 
to 30; biotite in four slides only, 3 to 20; monclinic pyroxene in seven 
slides only, 3 to 20; magnetite, 0.5 to 4; and varying small amounts of 
titanite, apatite, epidote, calcite, sericite, zircon, chlorite, and hematite. 

The basic dikes are clearly much younger than the White Tank mon- 
zonite. They are probably of Tertiary age, in common with many similar 
occurrences elsewhere in southern California. 


RHYOLITIC DIKES 


Rhyolitic dikes are much less common and widespread than the basic 
dikes. With one exception, those observed occur on the northwestern 
slope of Forty-nine Palms Mountain. Just east of the mouth of Forty- 
nine Palms Canyon there are hundreds of these dikes irregularly arranged, 
only a few of them being shown on the map. They are from an inch or 
less to 20 feet wide, and up to a third of a mile long. They sharply cut 
all previously described rocks including the basic dikes. Megascopically 
they are generally light gray, massive, and rather uniform in appearance. 
Most of the fine- to very fine-grained groundmass contains a few small 
(1 to 3 mm.) phenocrysts of quartz and feldspar. Chilled to glassy 
borders are common. The dike near White Tank is slightly foliated. 

Microscopically the rock has feldspar, 50 to 75 per cent, and quartz, 
25 to 30 per cent. Much of the feldspar is indeterminate because it is 
fine grained and greatly altered, but both potash feldspar and rather 
acidic plagioclase definitely occur, each in considerable amounts. Micro- 
granophyr constitutes full 70 per cent of one section. Some sericite and 
biotite and a few tiny grains of magnetite are common. 

These dikes are probably of later Cenozoic age. 


CONCLUSIONS 


The oldest known rocks of the region are highly metamorphosed sedi- 
ments of which only very small remnants are visible. 

The metasediments were extensively intruded by the Gold Park gabbro- 
diorite, mappable remnants of which show many primary variations. 

Next came the widespread intrusion of the Palms granite which shows 
great primary variation in composition, structure, and texture. 

Most of the once-widespread gabbro-diorite was cut to pieces by the 
granite magma, foliated by pressure applied during the intrusion, and 
injected lit-par-lit by the granite magma. It is believed that the exten- 
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sive, conspicuously banded Pinto gneiss was produced in this way and 
not by injection of sediments or metasediments which is a generally ac- 
cepted explanation of banded gneisses. It is further believed that dilute 
magmatic juices preceded slow intrusion of the parent magma along steep 
foliation surfaces; that, by a steady removal of dissolved, replaced, or 
assimilated country rock to higher levels, room was made for later ad- 
vance of increasing!y wide bands of granite magma; and that the granitic 
bands of the Pinto gneiss are true granite and not granite formed in situ 
by granitization of country rock. 

A remarkable monzonitic porphyry is widely exposed. It contains a 
large proportion of generally euhedral orthoclase phenocrysts, commonly 
1 to 6 or 7 inches long. It shows considerable variation in composition 
and structure. Evidence is presented to show that this porphyry crystal- 
lized from a syntectic magma produced by assimilative attack of the 
Palms granite magma upon gabbro-dioritic material. In the syntectic 
magma, probably rich in magmatic juices and therefore of low viscosity, 
conditions were favorable for diffusion of the very abundant potash 
feldspar molecules and the rapid growth of the large orthoclase pheno- 
erysts. During a late magmatic stage the phenocrysts were partly re- 
placed by albite. 

All rocks already mentioned in this summary are believed to be of 
earlier pre-Cambrian age. They are cut sharply by large and small stocks 
and dikes of the very massive White Tank quartz monzonite, visible con- 
tacts of which against the older rocks are everywhere nearly vertical. 
The monzonite is much younger than the Palms granite, being probably 
of late Jurassic age. The monzonite magma seems to have risen almost 
vertically into the earth’s outer shell in a remarkably ciean-cut manner, 
accompanied by some assimilation of xenoliths, but with no replacement 
and little disturbance of the country rocks. Small, long, straight aplite 
dikes are common in the monzonite. 

Numerous small basic and rhyolitic dikes, probably of Tertiary age, 
sharply cut all other rocks. 
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GENERAL STATEMENT 


Nearly fifty years ago, E. 8. Dana published the sixth edition of the 
System of Mineralogy. While this book dealt almost entirely with the 
facts of mineralogy as known in 1892 and but little with theory, still 
it gives an excellent cross section of the science of that time. In what 
respects will a new edition of this work differ from its famous prede- 
cessor? As one of the group who has undertaken to prepare such a new 
edition and who has enlisted the help of this society in large measure 
for the necessary financial backing, I will undertake to present to you 
very briefly tonight some of the changes that must be recognized in the 
science of mineralogy after this half century of development. 


CRYSTALLOGRAPHY 


No property of a mineral is so characteristic as its crystal form, and 
the science of crystallography, which attempts to describe and explain 
these forms, originated among mineralogists and in the observation of 
minerals. Today the importance of crystallography in the description 
of minerals is greater than ever before, but the late development of the 
science has passed into new hands and into a new phase. Physicists, 
using the new tools of research offered by X-ray analysis, have given 
new meaning to the crystal by measuring exactly the dimensions of its 
ultimate structures and by searching out the exact relations of the atoms 
composing it. 

Now, it might have been expected that this new study which sub- 
jected the abstract theories of crystal structure to the test of observa- 
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tion and measurement would effect great changes in the science of crys- 
tallography. But this is not the case. The mineralogist can still use 
his crystallographic descriptions phrased in the familiar terms, his defi- 
nitions of symmetry, his six crystal systems. He can, indeed, use them 
with new assurance of their soundness and may well wonder that the 
founders of the science builded so well. 

But to incorporate the new knowledge of the crystal into the old de- 
scription entails a re-examination and not infrequently some readjust- 
ments. The result of an X-ray analysis of a crystal structure is to 
establish a unique structural lattice and the absolute values and direc- 
tions of its translations. When such a study has been made of well- 
known mineral crystals, the lattice found has agreed with that based 
on morphology exactly or has been simply related to it and may in 
either case be properly used as the basis of morphological description. 
This result gives us confidence in the older work but raises the question 
whether, where there is a difference, we should always accept the struc- 
tural determination, and whether in the absence of such determination 
we can with any degree of confidence choose a “correct” set of elements. 
The answers to these questions are not always clear. 

May I in a few words describe the process by which this comparison 
is made. If we have crystals of the substance in hand, of good quality 
and with a reasonable number of faces, we start with measurement on 
the goniometer—if in my laboratory, on one with two circles. A strongly 
developed zone is chosen to define the vertical direction of the crystal 
and is adjusted on the instrument. Each face is then measured, two 
angles being obtained for each, equivalent to latitude and longitude on 
a sphere, defining the direction of the normal to the face. These angles 
are then represented in the gnomonic projection, which is a two-dimen- 
sional portrayal of the sphere, equivalent to showing how the bundle 
of face normals defined by the crystal faces intersects a plane tangent 
to the sphere and perpendicular to the chosen vertical axis. It is a map 
of the crystal faces. 

If the position of the crystal is well chosen, the pattern made by the 
poles of the faces will be a network with well-defined major directions 
and equally spaced points along them. The same pattern will be ob- 
tained in more completeness if, instead of measuring and projecting the 
crystal, the position angles for the forms observed on many crystals are 
plotted from a suitable angle-table. 

This gnomonic projection gives at once the major characteristics of 
the crystal: symmetry, preferred axial directions and their relative dimen- 
sions, indices of the faces. It is, as a matter of fact, a two-dimensional 
representation of the reciprocal lattice of the crystal such as might be 
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derived from X-ray photographs. There remains the choice of the unit 
cell from the many possible in a given lattice. 

This choice is governed by many considerations which are not always 
consonant. The morphologist may be inclined to give most weight to 
cleavages as directions of dominant importance; or he may wish to make 
his choice conform to the Law of Bravais, or to Donnay’s modification 
of that Law, according to which of the most important crystal faces 
correspond to planes of maximum reticular density; again, he may prefer 
to follow the rule of simplest indices and try to unite it with a rule 
of highest pseudosymmetry; or some number law like the Law of Com- 
plication may decide his choice. Any one of these principles will lead 
to a unique solution, but the various solutions may agree or differ. 

On the other hand, the X-ray analysis leads to a solution free from 
ambiguity. The structural crystallographers have agreed to employ 
the “smallest cell” having the highest symmetry of the lattice, and, in 
general, this cell is the one whose axial planes are the three non-tauto- 
zonal lattice planes with the greatest spacings. This cell can generally 
be found by direct inspection of a graphical construction of the direct 
or reciprocal lattice—in other words, of the gnomonic projection. The 
cell thus deduced will either be geometrically identical with one of those 
determined by external morphology or it will be simply related to it. 
It is rare that the unique structural cell will not serve adequately as a 
basis for the description of the crystal. Should it always be so used? 
It appears that it should be in most cases. But there are puzzling and 
as yet unexplained exceptions where the use of the structural cell bur- 
dens the description of the crystal surface with complex indices and gives 
no expression to the Law of Bravais. The morphologist concludes, 
therefore, to follow, in general, the results of the X-ray analysis in his 
choice of elements but to be free to ignore them in a case like that of 
calcite, where such a choice would lead to lack of clarity. 

Now, X-ray analysis has been available for crystal study for so short 
a time that comparatively few of the 1500 known minerals have been 
studied structurally. How far can we apply the knowledge already 
gained from these few to the correct selection of elements equivalent to 
the structural lattice and unit cell of each of the much more numerous 
unstudied species? This question has been attacked, especially by Pea- 
cock (1937), and he concludes that a “normal setting” and “normal 
elements” may with considerable certainty be chosen if the crystals 
have a reasonable number of forms capable of accurate goniometrical 
measurement. Of course, in the too numerous cases of imperfectly de- 
veloped crystals there is no possible substitute for the X-ray solution 
of the problem. 
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It is obviously impossible at this time and place to go into detail in 
following such a search for the “normal setting”. Suffice it to say that 
confidence in the methods employed has grown with the discovery in a 
number of cases that a revised choice of elements based upon purely 
morphological evidence has been confirmed by subsequent X-ray anal- 
ysis. Users of Dana’s “System” will find in the coming edition a number 
of species in which the position of the crystal has been ehanged or the 
unit values of the elements have been altered. They may rest assured 
that this has been done only where the evidence of X-ray or morpho- 
logical study of the structure seemed to be compelling. 

I have allowed myself perhaps to go into too much detail in attempt- 
ing to picture the steps involved in choosing the elements of a crystal. 
I have done so partly to emphasize the importance of the gnomonic 
projection in such studies. It is not too much to say that this pro- 
jection is indispensable. First used by Neumann (1823) in the very 
earliest days of graphical crystallography and later employed in the 
work of Mallard (1879), this projection had fallen into entire disuse. 
The rediscovery, as it were, of this method of portraying the crystal 
was due to Victor Goldschmidt (1886) and may well prove in the long 
run to have been the greatest of his many services to crystallography. 
He tied it to the use of the two-circle goniometer and worked out prac- 
tical ways of making the projection directly from the measured angles 
so as to give, with the least possible distortion and with no assumptions 
whatever, a true two-dimensional portrayal of the angular relations of 
the crystal. The fact that, in this projection, zones of the crystal appear 
as straight lines and that the faces are distributed along the zone lines 
with equal or multiple spacings makes it possible to choose axial direc- 
tions conforming to symmetry and to read the index symbols of the 
forms without calculation. When X-ray analysis reached the stage of 
being able to resolve the crystal structure, it proved that the lattice most 
simply obtained—namely, the reciprocal lattice—was, in fact, identical 
with the gnomonic lattice obtained by projection. And Goldschmidt’s 
much-criticized “polar elements” proved to be the elements of this recip- 
rocal lattice and, hence, directly comparable with the most fundamental 
units of the crystal structure. Both methods use the reciprocal lattice 
for the same reasons—namely, ease of discussion, ease of calculation, 
and graphic expression. 

The gnomonic projection is readily obtained from the position angles 
directly or from the projection elements. The new Dana will be pro- 
vided with such angle-tables for the important forms as well as with 
interfacial angles, and both linear and polar elements will be given. 
Thus, it is hoped that the interests of workers will be served whether 
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they employ one-circle or two-circle methods of measurement and 
whether, in the latter case, they use zone or face adjustment. 

Twinning in crystals is an aspect of crystallography that has never 
been satisfactorily treated in our mineralogical description, and yet there 
exists a study of this subject which appears to be complete and funda- 
mental. Friedel (1904, 1926) explains twinning in all cases by lattice 
relationships. He shows how the two individuals have planes or axes 
of symmetry or pseudosymmetry of the primary lattice in common, or 
nearly so, and how in their combined lattices either a primitive or a 
multiple cell is characteristic. His theory is sufficiently documented to 
enable him to foretell from the character of the space lattice of a crystal 
whether twins are likely to occur, according to what laws of intergrowth 
they may form, and what the relative probability of occurrence of each 
type of twin is. His forecasts in the case of quartz have been brilliantly 
and completely confirmed by Drugman. (1927). There seems to be no 
good reason why Friedel’s straightforward classification of these aggre- 
gates should not be adopted by the science at large. 

The preparation of another summary of mineralogical data such as is 
proposed in the new edition of the “System” presupposes a need. What 
has been done in the past fifty years of like nature? Hintze’s Handbuch 
der Mineralogie has been completed and is an indispensable tool to the 
mineralogist. But its publication ran through so long a period, 1887- 
1933, that the work is of very unequal value. Goldschmidt published 
his Winkeltabellen in 1897 and his Atlas der Krystallformen between 
1913 and 1924. These works are foundation stones of two-circle and 
projective goniometry. The “Atlas” is indispensable, especially to the stu- 
dent of crystal habit or of the relative importance and frequency of crys- 
tal forms. But these works are confined strictly to crystallography. Other 
vast compilations are chiefly devoted te the crystallography of sub- 
stances other than minerals. Groth’s Chemische Krystallographie, in its 
five volumes, appearing from 1906 to 1919, presents crystallographic data 
on more than 8000 substances, which, though including minerals, are, 
in the vast majority, artificial salts. This work inspired Fedorow to 
attempt the organization of a new science for determining chemical sub- 
stances by crystal form alone. Devising rules for the uniform orienta- 
tion of crystals, on the basis partly of supposed structure and partly of 
pseudosymmetry, Fedorow (1920) and his co-workers organized the 
whole vast mass of material contained in Groth’s volumes into tables 
which were supposed to make it possible to determine without ambiguity 
the chemical nature of any measured crystal. Das Krystallreich has 
remained almost unknown except to a few of his associates, because the 
rules for orientation of crystals were so complex and were so vaguely 
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formulated that they were exceedingly difficult to use. But the idea 
of Fedorow is still alive. Barker (1930), of Oxford, who had worked 
with Fedorow, attempted a better formulation of the rules for crystal 
orientation according to the principle of simplest indices. Barker died 
all too soon, but his students and followers at Oxford are going forward 
in the preparation of tables in revised form, which will carry out Fedo- 
row’s hope of crystal-chemical determination. A. K. Boldyrew (1936) 
and other fellow-countrymen of Fedorow have attacked the same prob- 
lem from another direction. Abandoning the attempt at uniform orien- 
tation of crystals as impossible of attainment, this group proposes to 
first organize all known crystallized material in chemical groups having 
the same crystal symmetry (syngonie). Each chemical species receives 
a number and is to be described in condensed fashion, together with 
angles and figures. There are, then, two analytical keys—one for min- 
erals, one for non-minerals—which are arranged purely on the basis of 
increasing pole distance of important faces. Tables for all tetragonal, 
hexagonal, and rhombohedral species, 1800 in number, are said to be 
ready for print but, so far as known, are not yet published. Work is 
proceeding on the orthorhombic substances. To the mineralogist, it 
would appear that tables of this type were of minor importance. He 
has so many other properties to work with that it seems useless to 
attempt determination of species on one character alone. From this 
brief summary, it does not appear that, speaking from a crystallographic 
point of view, anything has been published or begun which will make a 
revised edition of Dana’s “System” unnecessary or superfluous. 


OPTICAL CRYSTALLOGRAPHY 


If one were to study the descriptions of the optical characters of min- 
erals in the sixth edition of the “System”, he would find that data of 
importance were confined to those minerals recognized as rock constitu- 
ents. The optical properties of hundreds of less important species were 
quite unknown. This was largely because the methods of measuring 
the refractive indices of crystals, used up to that time, involved oriented 
sections or prisms, quite impossible to obtain for many species. 

Microscopic determination of transparent minerals became measur- 
ably successful through the use of thin sections. The more flexible 
method of studying grains embedded in liquids of known and varying 
refractive power was seen to increase greatly the usefulness of the micro- 
scope. E. 8. Larsen (1921, 1934) became the leader in this fruitful field. 
His tables, which first appeared in 1921, included data on hundreds of 
minerals not before studied and made it possible for the first time to 
compare the optical properties of all the transparent minerals. Winchell 
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(1937) has successfully applied the new data to the study of mineral 
groups. Technique was improved; new embedding media were discov- 
ered; and the accuracy and range of index determination increased. The 
universal stage became a familiar object in the petrographic laboratory. 
With the development of the double-dispersion method by Emmons 
(1931), this research seems to have reached its perfection. 

There remains, however, a vast field of work in the optical study of 
chemically analyzed material. It has become evident that, with the 
accuracy now possible in optical determinations, no mineral description 
is thoroughly satisfactory unless it includes X-ray, crystallographic, op- 
tical, physical, and chemical examination of one, and the same, sample. 
It is sad to discover how few mineralogical descriptions of the past fully 
measure up to this requirement. 


STUDY OF THE OPAQUE MINERALS 


Great as has been the progress made in our knowledge of the trans- 
parent minerals through the application of the microscope, it is hardly 
comparable with that made in the study of the opaque minerals. These 
substances had to be selected for analysis by superficial inspection. 
Crystals were assumed to be homogeneous, although every microscopic 
examination of transparent substances proved the opposite to be prob- 
able. With the application to ores of the methods long used by metal- 
lurgists in the study of metals, a new insight was given into the relations 
of the ore minerals. In a recent paper, my colleague, L. C. Graton 
(1937), has given a brief account of the developments in this field under 
his leadership in one institution during twenty-five years. A similar 
story could be told of many laboratories in this country and abroad. 
It is a story of constantly improving technique, of more and more quan- 
titative methods of examination of the determinative properties. The 
main objective was the identification of the mineral revealed on the pol- 
ished surface, the securing of a pure sample for chemical analysis being 
a final step in verification of the result. 

Some of the results so far obtained in the development of this new 
special field of mineralography may be briefly stated: 

Improvements in polishing technique which have yielded optical sur- 
faces on polished ores showing no relief at grain boundaries. 

Development of a reflecting microscope capable of taking advantage 
of such surfaces to observe and photograph the minutest details of con- 
stituents and structures up to 4000-6000 diameters. 

Development of sensitive instruments for comparative determination 
of hardness, color, and reflectivity as revealed on such perfect surfaces. 
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Improvement of a microsampling drill by which a powder sample may 
be obtained from a grain as small as 0.02 mm. in diameter. 

Successful employment of such pure samples, weighing from 0.02-0.002 
mg., for spectrographic analysis and X-ray diffraction photographs. 

Development of etching tests and microchemical analysis upon samples 
of such assured purity. 

Establishment of a standard suite of opaque minerals. This suite, 
repeatedly studied by skilled observers as new and improved techniques 
were evolved, has become the basis for the chief treatises on opaque min- 
eral determination in America. ; 

These studies have sharpened the definition of many mineral species 
and made possible their more positive determination. They have also 
cleared the lists of a number of names which had no definite mineral- 
ogical significance. But possibly a more important result is the light 
they have thrown upon the intimate relations of the opaque minerals; 
their sequences, inversions, replacements; in short, their paragenesis. 
Rich as are the results already obtained here, the field is still open in 
every direction for new discoveries. 


MINERAL CHEMISTRY 


It has already been stated that X-ray analysis in the hands of the 
physicist not only gives a quantitative and more exact meaning to the 
structure of a crystal but that it enables the exact spatial relations of 
the chemical atoms composing it to be determined. V. M. Goldschmidt 
has condensed these interrelations in his Law of Crystallochemistry, 
which states that “the crystal structure of a substance is determined by 
the relative amounts and sizes and the degree of polarization of its struc- 
tural units. The structural units are atoms, ions or groups of atoms.” 

Bragg’s recent book, Atomic Structure of Minerals, gives a review of 
what has been accomplished in the X-ray analysis of mineral crystals. 
Examples of all the more important types of chemical compound found 
in minerals have been studied, and for some types, such as the silicates, 
the whole probable range of structures has been determined. 

To a mineralogist interested in classification, this summary at least 
brings the satisfaction of knowing that the principle hitherto used by 
most systematists, a combination of chemical composition and crystal 
form, was sound. Bragg at least does not seem to suggest the advis- 
ability of a new classification by structural types cutting across the old 
chemical boundaries. Such classifications may be found in the writings 
of V. M. Goldschmidt (1927) and Niggli (1920) and in the Struktur- 
bericht (1931). 
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As far as Dana is concerned, a survey of the sulphides in the light of 
structural studies shows still most of the familiar groups but often broken 
into subgroups by structure differences. There does not seem to be any 
good reason to abandon the so-called sulphosalts as a subdivision. 

The diversity and complexity of structures is amazing and apparently 
not yet at an end. It is interesting to find structural evidence which 
seems to explain the apparent excess of sulphur in pyrrhotite as, rather, 
a deficiency of iron; the structure shows no space sufficient to accom- 
modate extra sulphur atoms, nor is it a case of sulphur replacing iron 
atoms in the lattice, but, rather, a failure of iron atoms to occupy all 
their indicated lattice points. The density relation seems to prove the 
point. To the layman in this field the degree to which defect structures 
can be stable and the comparative rarity of perfect structures are very 
surprising. No wonder crystals show so commonly imperfections of face 
and irregularity of angle if the structures to which they owe their exist- 
ence are so often a “mosaic”. 

In other groups there is less structural diversity, especially in all the 
so-called oxygen salts. Here, ionic compounds are universal end struc- 
tures are controlled by groups of atoms of definite conformity, such as 
CO;, SO,, PO,. The silicates offer the best example of a systematically 
studied series. In all silicates so far analyzed, a silicon atom lies be- 
tween four oxygen atoms in tetrahedral grouping. The various linking 
of these tetrahedral groups gives rise to the various types of silicates. 
As pointed out by Bragg, the resulting classification of the silicates has 
much in common with the usual mineralogical classifications, such as 
Dana’s. But the structural studies of the silicates have brought out 
some unsuspected relations which are of great importance. 

Aluminum can function in the réle of silica as well as in that of a 
cation like iron; this recognition of the dual réle of alumina and other 
elements has immensely simplified chemical formulae. 

Replacement of one element for another in structures is controlled 
dominantly by similarity of ionic radii, rather than by general chemical 
similarity, and is made atom for atom. This fact has greatly altered 
the meaning of the term isomorphism and has made it more intelligible. 

Molecules, as such, have no existence in ionic structures; hence, it is 
a mistake to attempt to represent members of an isomorphic series as 
mixtures of end members. The formula should express the atomic con- 
tent of the cell. 

What use shall be made of this new knowledge of the silicate minerals? 
A new classification based on the silica linkage is inevitable. Bragg has 
collected the studied structures in his book. Swartz (1937) has pub- 
lished a classification, on this basis, of the 87 minerals or groups which 
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have been analyzed. Berman (1937) has gone farther and has tried to 
assign a place in such a classification to all the 400 known silicates. 
Strunz (1937) has done the same thing in a paper appearing as I write 
these sentences. Perhaps it is too early to attempt such an extrapolation, 
but it is evident that many years must elapse before even a majority 
of the silicates shall have been studied. Some classification of them we 
must have. There is much common ground between these first outlines, 
and it will be possible to unite them into a workable scheme. The order 
of the groups will differ greatly from that of Dana, but all will reappear 
with new affinities or new subdivisions. 

The physicist points here and there to other outgrowths of crystal 
structure study. The relation of twinning to structure; the orientation 
of cleavage across directions of weak bonding in the lattice; the depend- 
ence of hardness upon structural spacing; the dependence of the optical 
property of double refraction upon structure: such topics assure us that 
ultimately the whole physical description of a mineral will be predict- 
able, given the atoms composing it and the space group which defines its 
structure. But that goal is still far away. We must still use, as in the 
past, the external features of form and physical pi>perty as far and as 
well as we can to foretell the place of unanalyzed mineral structures in 
our classification. 

PARAGENESIS 


Fifty years ago the word paragenesis had a very local application. It 
defined chiefly the order of succession of minerals in a hand specimen 
or a deposit. Rocks had a special history, a special succession, a special 
paragenesis. Quite in a different category were minerals; and ore deposits 
had a lore and a science of their own. The idea that all minerals, what- 
ever the form of their aggregation, were related and could only be fully 
understood if their relations were known is relatively modern. Minerals, 
rocks, ores had been looked upon as things made, finished, done with 
long ago, to be studied in the laboratory. The new idea drove men into 
the field and mine, to study these different kinds of things and gradually 
to perceive that they were really only different products of the same 
processes. The idea of succession broadened into one of development. 

Petrology was the first mineralogical science to develop a rational 
paragenesis. The igneous rocks gave clear evidences of the effect of 
different environments due to depth and to temperature changes. These 
were translated into a crude history of the formation of the mineral 
aggregate in its final form. Thin sections revealed some of. the time 
relations of the minerals. It was long before it was realized how many 
of the minerals now seen in the rock were relics of earlier ones that had 
become unstat le under changing conditions. 
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The results of contact metamorphism at the border of an intrusion 
could be seen and were interpreted as wholly due to rearrangement of 
material, already present, into new compounds under the influence of 
heat and pressure. Little account had been taken of the gaseous con- 
stituents of the magma as influencing not only the progress of crys- 
tallization but the composition of the surrounding rocks into which they 
might escape. Gradually, pegmatites were perceived as possibly owing 
many of their peculiar properties and minerals to the presence of an 
accumulation of such gaseous constituents. And very slowly indeed, it 
became clear that not only were there sometimes constituents present 
in contact zones only derivable from the igneous source, but that ore 
deposits of a great variety were emplaced at, or near, the borders of 
the igneous mass and might well have been derived from it. 

When we read today such a book as Lindgren’s Mineral Deposits and 
see how far it has been possible to organize the present knowledge of 
ores into a rational genetic history, we may well wonder at the change 
in the content of the word paragenesis. The growth of ideas came partly 
from more detailed field work, especially in mines where intimate rela- 
tions could be studied in three dimensions; partly from the increasing 
power of physical chemistry to unravel the chemical history of solutions; 
partly from experiments in the laboratory. Pure materials were tested 
under controlled conditions, and the products were studied at every stage 
of development with the refinement of the microscope. The experiments 
yielded a wealth of data which threw light on mineral processes much 
more complex in character. It became clear that crystals separated from 
a solution at an early stage of crystallization might, while still solid, 
react with the solution to become wholly changed. With the recognition 
of this permeability of solids to solutions, the way was opened to the 
acceptance of wholesale rearrangement of material in mineral crystals 
under varying conditions of depth or temperature. Metamorphism by 
load or stress, wall rock alteration of ore deposits, rearrangements of 
rock and ore minerals by exsolution, inversion or replacement, all became 
matters of course. Complex pegmatites can now be conceived of as wholly 
transformed from an original simple composition to one in which new 
feldspars, new micas, and minerals with rare elements play a part. 

The study of mineral paragenesis has produced convincing evidence 
that the dual factors, pressure and temperature, control mineral assem- 
blages just as they do the reactions of the laboratory. The theories of 
depth zoning which dominate modern classifications of ore deposits and 
metamorphic rocks are modern outgrowths of this knowledge. 

Pressures associated with mineral formation are generally derived from 
the depth at which the reaction took place and must, in general, be in- 
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exact. It is not wholly so with temperatures, although they are rarely 
to be determined exactly. The range involved is between the melting- 
point of lavas, in the vicinity of 1000° C. and normal surface tempera- 
tures. 

Temperatures may, in rare cases, be observed directly, as in iava 
flows, fumarole gases, or hot springs. Generally, the determination. is 
indirect, based either on physico-chemical experiments or on particular 
physical properties of single minerals. Van’t Hoff (1903) applied the 
first method successfully to the study of the paragenesis of the Strass- 
furt salt deposits. He studied pairs or groups of the substances found 
there in the laboratory and found the conditions for their formation at 
a single temperature. By successive stages the systems studied were 
more complex, and effects of higher temperatures were observed. Ulti- 
mately, he could state positively that certain minerals found there could 
only form within a definite temperature range. He suggested that such 
an interval be termed a point on the “geological thermometer.” This 
term was adopted, and the subject is still being actively investigated. 

One point on this scale is the temperature of inversion of low quartz 
to high quartz at 575° C. This inversion is reversible and leaves in its 
train evidences which can generally be read. Thus, one is in a position 
to say whether a given specimen of quartz has or has not ever been 
hotter than 575° C. The inversion temperature is raised rather rapidly 
by pressure. This point on the geological thermometer is the only one 
which seems to be wholly reliable and at the same time practically use- 
ful. Other inversion temperatures have been employed, especially among 
the ore minerals. 

Another type of observation also gives promise of fruitful results. 
Mixtures of certain minerals, homogeneous at higher temperatures, have 
been found experimentally to unmix into characteristic aggregates when 
slowly cooled. These exsolution structures are found very commonly, 
and it is hoped will give a series of steps through the whole range of 
the geological thermometer. 

The study of the relative abundance and distribution of the elements 
is directly related to paragenesis. Clarke’s well-known tables, improved 
and modified repeatedly by himself, Washington, and others, gave first 
approximations for the relative abundance of the commoner elements in 
the crustal rocks. These estimates have an illusive appearance of accu- 
racy. As they are based on averages of rock analyses without regard 
to the volumes of the rocks involved, they cannot be other than approxi- 
mate. 

A very different attack upon the problem of relative abundance of the 
rarer elements was pursued by V. M. Goldschmidt. He developed 
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an improved technique for the quantitative determination of minute 
amounts of many rare elements with the X-ray spectrograph, and he 
and his students thus investigated rocks and mineral substances of the 
utmost diversity. The results of these studies giv’ 1 new picture of the 
natural affinities of these rarer elements and of their absolute amounts. 
They led Goldschmidt to a new theory of the distribution of elementary 
matter in the whole mass of the earth and, consequently, to a funda- 
mental mineral paragenesis. Whether we accept Goldschmidt’s cross sec- 
tion of the earth or prefer to picture one of less complex design, we must 
recognize how much his studies have contributed to an understanding 
of many features of mineral association. 

Better known to most geologists is quite another kind of chemical 
search among minerals for a rare or minute constituent. I refer to the 
study of the radioactive elements and their disintegration products. 
This is not the time or the place to more than touch upon a topic so 
fundamental in the determination of the geological time scale. From the 
mineralogical point of view the search for uranium and thorium minerals, 
which can be used to date their containing rocks, has resulted in an 
enormous extension of our knowledge of these generally rare substances. 
Interest in them, however, grows somewhat less as attention is focussed 
upon the helium method of age-determination, in which the original min- 
eral is not of importance. 

These matters of mineral association can only find brief mention in the 
pages of the “System”. We are endeavoring, however, to introduce more 
of this important material into the revised accounts of the minerals, so 
far as space will permit. 

I have tried to bring before you some of the new aspects of mineral- 
ogical study which it is desirable to incorporate in a new compendium 
of facts such as Dana’s “System” should constitute. That work as it 
appeared in 1892 was so satisfactory to mineralogists the world over 
that the editors of the new edition have felt bound to preserve the old 
form as far as possible. But new knowledge brings new needs, and 
changes are inevitable. The editors hope that the new work may reach 
a reasonably early conclusion and that it may not fall too far below 
the standard set by its famous predecessor. 
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. Relatively deep narrow scabland valleys. 


SCOPE OF STUDY 


The remarkable system of abandoned valleys and channels trenched 
into the basalt of the Columbia Plateau in eastern Washington has long 
attracted attention. I have had opportunity to examine many parts of 
this system during three seasons’ study of the drift border and glacial 
features at the northern margin of the plateau. During that time it 
gradually became apparent that the published explanations of the genesis 
of these drainage ways did not meet the requirements of the field data 
as I saw them, and, accordingly, a fourth season (summer, 1936) was 
devoted to an intensive examination of one of the principal drainage tracts 
of the complex. The results of the study are offered herewith, in the hope 
that the additional data presented may lead toward a more general agree- 
ment than was possible before, on the cause and character of the streams 
that formerly flowed across the plateau. 
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REGIONAL SETTING 


The plateau, in central Washington, consists of a thick pile of basalt 
flows, chiefly of Miocene date, dipping inward centripetally with an 
average descent of about 25 feet per mile. This dip controls the slope 
of the plateau surface, whose descent culminates in a faulted fold which 
forms the Horse Heaven Hills, a massive ridge 1000 to 1500 feet high. 
The basin at the north base of this ridge extends northwest to Saddle 
Mountain, north into Esquatzel Coulee and Snake River canyon, and 
east to the vicinity of Walla Walla. As thus broadly defined, it will here 
be termed the Pasco basin, from the town of Pasco near its center. 

The plateau is surrounded on the west, north, and east, by highlands of 
crystalline rocks older than the basalt. Some of the highland valleys 
at the north and east margins of the plateau carry extensive fills of 
siltstone and shale interbedded with the plateau basalt. These sediments 
are generally referred to the Latah formation. 

In general, the plateau drainage is consequent on the long dip slopes 
of the basalt. The Palouse River—Rock Creek—Cow Creek system, 75 
miles long, is the most conspicuous example. Some streams, however, 
follow the axes of shallow east-west synclines. Outstanding examples 
are Snake River between Palouse Canyon and Devils Canyon, and 
Washtuena Coulee. Finally, the Columbia River, augmented by the 
Snake, leaves the Pasco basin by a great gap (Wallula Gap), one mile 
wide, 8 miles long, and in places 1000 feet deep, which it has cut through 
the Horse Heaven Hills. 

The Pasco basin contains the dissected remnants of an early Pleistocene 
fluvial fill, named the Ringold formation (Merriam and Buwalda, 1917). 
The surface of the basalt to the north and east is covered with a mantle 
of fine sand and silt, called “Palouse soil” (Bryan, 1927). This body of 
sediment is in places more than 100 feet thick, and probably is chiefly 
of eolian origin. Much of it is now maturely dissected by small streams 
into a systematic network of small hills and valleys. 
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The basalt surface, with its dissected cover of “Palouse soil,” is cut by 
a system of valleys and channels, many of which are now dry. They 
were cut by streams flowing south and southwest on the dip of the basalt, 
and west through synclinal depressions, and are clearly shown on the latest 
map published by Bretz (1928b, pl. 5). It is generally agreed that the 
valleys constitute the normal, pregiacial drainage pattern of the plateau, 
but that many of them were widened, deepened, and modified by the 
making of subsidiary channels and closed depressions, during their occu- 
pation by proglacia! meltwater, so that today they are s-s land tracts 
rather than normal valleys. The term scabland (or s  ock) is in 
common local use, denoting areas of basalt denuded of tie customary 
cover of “Palouse soil.” 

The scabland tracts vary from almost unmodified preglacial valleys, 
some of them deep and narrow, in the basalt, to great areas 10 to 20 miles 
wide, bordering preglacial streamways, stripped of “Palouse soil,” seamed 
with shallow reticulated channels, and interrupted by shallow rock basins, 
with a maximum relief within the basalt, of perhaps 50 feet. Where the 
preglacial valleys are modified, the mouths of their lateral tributaries may 
hang above their floors; and lateral channels, which leave the main 
channel only to return to it farther down the tract, and hang above the 
main channel at both intake and outlet, are not uncommon. The hanging 
channels do not integrate into systematic profiles, but occur at many 
different elevations. In places, the scabland tracts cross preglacial 
divides, indicating surfaces of streams that rose high enough to spill over 
the valley sides that retained them. 

The scabland tracts contain quantities of gravel, including glacial 
erratic stones and till balls, as well as finer-grained sediments, very 
irregularly distributed both vertically and areally, and are flanked along 
their margins by steep scarps in the “Palouse soil,” facing inward and 
revealing the work of lateral planation by former streams flowing on 
profiles corresponding to the scarp bases. These scarps, numerous and 
conspicuous features of the scabland, will be referred to, for the sake of 
brevity, as Palouse scarps. 

The scabland features, here summarized briefly, are described by 
Bretz, to whose publications the reader is referred (Bretz, 1923b, p. 618- 
620, 626-630; 1927a, p. 200-202; 1928b). 

A veneer of wind-blown sand and silt, probably postdating the scab- 
land, covers the plateau generally. In some places the sand forms pro- 
nounced dunes, as near the northeastern margin of the Pasco basin. 

In the eastern part of the plateau, the strongly rolling surface of the 
maturely dissected “Palouse soil” stands in abrupt contrast with the black 
cliffs and ragged surfaces of the scabland tracts. The steep Palouse scarps 
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at the margins of the broader tracts resemble wave-cut headlands rising 
above the surface of a choppy sea. The “Palouse soil” areas are wheat 
lands, green in spring and pale yellow in summer, brown fallow fields 
alternating with fields of standing wheat. The extreme northern and 
eastern parts of the plateau, which have more than 15 inches of rainfall 
annually, are diversified with yellow-pine timber on shaded slopes and 
on the scablands. Toward the Pasco basin (the direction of decreasing 
precipitation) the wheat lands gradually give way to sage-covered sandy 
plains which, with adjacent scablands, afford sheep pasture in winter. 
In much of this area, cultivation was formerly attempted, and abandoned 
ranches and homesteads are numerous. Little rain falls during the 
summer, and dust storms are frequent, moving northeast into the wheat 
country where fallow fields contribute more soil material to the wind. 

A more complete statement concerning the regional setting is given 
elsewhere (Flint, 1938). 


HISTORICAL SUMMARY 


The point at issue is the genesis of the scabland tracts. Although 
Calkins (1905, p. 42) mentioned fills and terraces of well-rounded basalt 
gravel “along all the coulees of the wheat lands,” and Leighton (1919, 
p. 34) stated the opinion that the coulees of the plateau were the loci 
of meltwater stream courses that were filled with detritus which was 
later dissected, the first extensive discussion was furnished by Bretz 
(1923a, p. 588; 1923b, p. 620). His thesis was that the meltwater occupied 
pre-existing valleys on the plateau in such great volume that it overflowed 
divides and constituted a vast though short-lived flood, the “Spokane 
flood” (Bretz, 1925, p. 98) which at its maximum had a catastrophic 
discharge. The flood was held to be 3 miles wide by 600 to 800 feet deep 
in the lower Snake River canyon, (Bretz, 1925, p. 111; 1928c, p. 662), and 
one mile wide by 375 feet deep in the western part of Washtucna Coulee 
(Bretz, 1923b, p. 639; 1928a, p. 317). These streams built great con- 
structional “bars,” and then subsided so quickly that these deposits were 
left almost unmodified by erosion or deposition by the subsiding water 
(Bretz, 1925, p. 105). Nevertheless, deep central channels were held to 
have been excavated in basalt while the flood diminished, draining the 
water away from high-level channels that hang above the deep central 
ones (Bretz, 1923b, p. 628, 644; 1924a, p. 149; 1927a, p. 210). 

The principal lines of evidence on which this concept was based appear 
to have been these: 

1. Great vertical distance, amounting in places to many hundreds of 
feet, between the floors of preglacial valleys and (a) the bases of Palouse 
scarps at the valley rims, (b) high-level stream deposits, (c) abandoned 
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hanging distributary valleys, and similar fluvial features. This relation- 
ship is clear and incontrovertible. 

2. Definite indications that nonglacial tributaries to scabland tracts 
were ponded to high levels during proglacial discharge, and that deposits 
derived from the scabland were stream-built up these tributaries. This 
evidence is physically similar to the evidence cited in (1). 

3. Great breadth of some scabland tracts, amounting to as much as 20 
miles in places where the vertical dimension is small. 

4. Interpretation of the stream deposits in the scabland tracts as con- 
structional “bar” forms, essentially unmodified since their deposition. 

5. Presence, as an integral scabland feature, of ragged basalt surfaces, 
including anastomosing channels and rock basins, which are held to be 
the product of subfluvial quarrying, and to have required large vigorous 
streams for their development (Bretz, 1927a, p. 201), although some basins 
were conceded to be plunge basins at the bases of extinct waterfalls. 

6. Evidence of contemporaneous discharge through all the scabland 
tracts (although the Grand Coulee tract continued to discharge meltwater 
after the abandonment of the others). This evidence is well supported. 

The concept of the “Spokane flood” was received with general skepti- 
cism,! but only two authors have entered the problem since the appear- 
ance of Bretz’s publications. Hodge (1934) published in outline form an 
interpretation of scabland origin, a complicated sequence of ice advances 
and drainage changes, involving quarrying of basalt by direct glacial ero- 
sion, and cutting of channel complexes in the basalt by stream diversion 
around blocks of stagnant glacier ice and jams of berg ice, and viewed 
most of the closed depressions in the basalt as plunge basins. 

Although retaining the concept of a “Spokane flood,” Allison (1933) 
showed that the water was ponded to a high level, from the Wallula Gap 
to the Columbia River gorge through the Cascade Mountains. He at- 
tributed the ponding to an icejam of enormous size, originating in the 
gorge, and by continued accretion growing upstream into eastern Wash- 
ington, forcing the scabland streams to rise and seek new and ever-higher 
diversion channels. Allison’s recognition of high-level ponded water is an 
important and valuable contribution to the problem. Equally important 
is his recognition, along the Columbia River downstream from the Wallula 
Gap, of an earlier gravel fill, whose eroded remnants were submerged by 
the ponding and locally veneered with slack-water deposits. It is inter- 
esting to note that a part of Allison’s evidence of ponding is the same as 
that cited much earlier by Bretz (1919; 1923a, p. 605) as favoring late- 
glacial marine submergence of this district. 


1See, for example, discussions by W. C. Alden, J. Gilluly, E. T. McKnight, G. R. Mansfield, O. E. 
Meinzer, and J. T. Pardee in Bretz (1927a). 
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THESIS OFFERED FOR DISCUSSION 


The Cheney-Palouse scabland tract (Bretz, 1928b, p. 450) was selected 
for study because it is the largest of the four tracts described by Bretz, 
and because it was said by him? to carry the most convincing evidence 
of enormous proglacial discharge. The study has yielded facts that sup- 
port the following synthesis of events (Fig. 1): 

1. Meltwater streams of normal discharge, originating in glacier ice, 
which overran the northern part of the tract, scoured basalt on steep 
gradients, mainly along preglacial drainage lines. 

2. These streams gradually filled their valleys with gravel, sand, and 
silt, as rising ponded water in the Pasco basin reduced the gradients to 
about two-thirds of their former values. 

3. The streams then dissected the fill, removed the greater part of it, 
and notched and channeled the basalt extensively, as the ponded water 
drained away and restored the original gradients, while glacier ice at the 
head of the tract continued to supply the necessary discharge. 

4. These events occurred in the Wisconsin glacial stage, but erosion of 
basalt by meltwater, accompanied by a lesser fill, may have occurred 
during at least one earlier glaciation. 

The discussion that follows embodies the facts upon which this recon- 
struction is based. Although the reconstruction is very different from the 
“Spokane flood” hypothesis, and although some of the observations cited 
here run counter to some of those cited in support of that hypothesis, I 
wish to acknowledge the aid I have received from the extensive informa- 
tion and excellent descriptions contained in Bretz’s thirteen papers. The 
later investigator always benefits from the earlier work of the pioneer. 
Any reader thoroughly familiar with the literature of the scabland will 
realize how much any subsequent worker owes to Bretz. He has re- 
peatedly stated that the scabland problem could be solved only by detailed 
field study, and has shown a cordial interest in my investigation. Prior to 
a revisit to the field on his own part, he prefers for the present not to 
indorse unqualifiedly the fill hypothesis presented here, but he states that 
if the additional field evidence offered by me is acceptable, he considers 
the fill hypothesis a consistent explanation of the facts in the Cheney- 
Palouse tract.® 


PRINCIPAL FEATURES OF THE CHENEY-PALOUSE SCABLAND TRACT 


The Cheney-Palouse scabland tract (Pl. 1) is about 100 miles long, 
extending from Spangle, Marshall, and Waukon in the vicinity of Spokane, 
to the Pasco basin. Its long axis is oriented northeast-southwest, down the 


2 Bretz, J H.: Unpublished communication. 
2 Bretz, J H.: Unpublished communication. 
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Figure 1—Evolution of an ideal scabland tract 


(1) Normal preglacial valley with tributaries, cutting ‘‘Palouse soil’’ and underlying basalt; 

(2) Meltwater stream has eroded valley floor amd begun to build a fill, backing up tributaries; 

(3) Main valley and mouths of tributaries completely filled with stream sediments; lateral planation 
on fill has cut Palouse scarps; spillover (right) has entered head of small preglacia! tributary; 

(4) Today—dissection has left remnants of fill, chiefly in tributary mouths, and has greatly eroded 
the basalt, cutting superposed channels across spurs. 
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dip of the basalt. At its southern end it bifurcates into two discharge 
routes, one consisting of Washtucna Coulee with its continuation known 
as Esquatzel Coulee, and the other, farther southeast, consisting of the 
canyon of Snake River. These two routes are connected transversely by 
both Palouse Canyon and Devils Canyon, which will be discussed later 
in detail. This great tract consists of a short segment of the preglacial 
Snake River system, and most of the preglacial Palouse River system, 
including Rock Creek and Cow Creek, whose headwaters reach to the 
northern end or head of the tract. The gross pattern of the system is 
just as it was in preglacial time, but details have been altered by the pro- 
glacial streams. The alterations consist principally of the stripping away 
of “Palouse soil” over wide areas, the cutting of minor lateral channels and 
rock basins de novo, and the trenching of a few preglacial divides. 

The long profiles of the streams named are perfectly normal, and 
although some valley widening has occurred, I agree with Bretz (1923b, 
p. 646; 1928a, p. 204) that Snake River canyon was nearly as deep in pre- 
glacial time as it is now. The same may be said of the valleys of Palouse 
River and its chief tributaries as far downstream as Hooper, and of their 
preglacial continuation (Bretz, 1925, p. 98) in Washtucna and Esquatzel 
coulees, now dry. 

The southwestern part of the Cheney-Palouse tract consists of deep 
and relatively narrow canyons little modified from their preglacial con- 
dition. The Snake River canyon scabland, for example, is 2 to 4 miles 
wide, by a maximum of 800 feet deep (Fig. 2). On the other hand, the 
northeastern part of the tract consists of broad expanses of roughened 
basalt surface, with a relief in most districts of considerably less than 100 
feet. Throughout its length, the tract is flanked by Palouse scarps, and 
searped, island-like residuals of ‘Palouse soil” are numerous, marking 
the positions of the more conspicuous preglacial interfluves, with innumer- 
able small valleys in the “Palouse soil” left hanging above the bases of 
the scarps which now behead them. 


SIGNIFICANT FIELD DATA 
ADVANCE SUMMARY 


The field observations given in the paragraphs that follow, may be 
briefly summarized thus: 

(1) The scabland sediments exhibit relatively small average grain size, 
good size sorting, fair to good rounding of the larger size fractions, and 
predominantly shallow-fluvial stratification. 

(2) The surface form characteristic of these deposits consists of non- 
paired stream-cut terraces with lunate channels; not constructional “bars.” 

(3) The sediments grade downstream, both stratigraphically and topo- 
graphically, into parallel-bedded silt and fine sand in the Pasco basin. 
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(4) Searps and benches stream-cut in the “Palouse soil”, near the 
vertical upper limit of scabland, do not fall into a single long profile, but 
are multiple, recording streams cutting laterally on various profiles. 

(5) The scabland carries notched spurs, small slotlike canyons, small 
dry falls with plunge basins, and hanging distributaries and tributaries 
in the basalt, which must have been cut by relatively small streams 
operating on various profiles. 

(6) All the foregoing data combine to yield a picture of leisurely 
streams with normal discharge, aggrading and then degrading, and empty- 
ing into standing water in the Pasco basin. 


SCABLAND SEDIMENTS 


Composition, grain size, and shape of fragments.—For brevity, the scab- 
land deposits will be referred to as fill, and this term will be understood 
to include the full range of grain size and surface form now present. The 
coarser fill, as pointed out repeatedly by Bretz (1923b, p. 642), consists 
chiefly of basalt fragments, which were derived from the plateau and are 
therefore chiefly the erosive product of the proglacial streams. On the 
other hand, glacial erratic stones are present (chiefly granites and dark- 
gray and purplish quartzites), and the fines include much quartz sand, 
which could have been derived only from the crystalline rocks north of 
the plateau, and must have been fed to the proglacial streams by melting 
glacier ice. In addition, pebbles and granules of the Latah formation, 
“Palouse soil”, and caliche are present. 

During low water in the late summer, a swimmer in the lower Snake 
River, which has a gradient of 2 feet per mile, can push downstream a 
36-inch boulder with the aid of the current. The “Spokane flood”, with 
a vastly greater volume and a gradient 5 to 10 times as steep, should 
have been far more competent than the Snake. If it deposited at all, the 
deposits should consist of poorly size-sorted boulders and cobbles, includ- 
ing quantities of angular, little-modified columnar blocks of basalt, for 
the competence of such a discharge would be so great as to reduce to a 
minimum the opportunity for cobbles and pebbles to lie on the bottom and 
be brushed by water-driven silt and sand. The actual impression gained 
from the exposures is very different. Gravel coarser than pebble size * 
is common only in the northern part of the tract (PI. 2, figs. 1, 2), and even 
there it is interbedded with minor but noticeable proportions of pebble 
gravel and granule gravel. Mid-length of the tract, pebble gravel and 
granule gravel predominate, with sand locally an important constituent. 
In Snake River canyon and Washtucna Coulee, there are large quantities 
of granule gravel with subordinate sand and silt, and some zones of 


4 Grade-size terms used here are those of Wentworth’s classification [A scale of grade and class 
terms for clastic sediments, Jour. Geol., vol. 30 (1922) p. 381, 390]. 
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Ficure 1. COARSE FACIES 


Bouldery outwash built at the glacier margin exposed near north line Sec. 12, 
T 23 N, R40 E. 


Figure 2. MEDIUM-GRAINED FACIES 
Foreset-bedded cobble gravel with pebbles, capped by loess, in pit in floor of 
Lind Coulee at Ralston. 


Figure 3. FINE FACIES 
Exposure near Washtucna, showing cut-and-fill stratification. Pick (left center) 
gives scale. 
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Ficure 1. ToucHet BEDs 
Fine sand and silt exposed at Wallula. 


Ficure 2. COARSE SAND AND GRANULE GRAVEL 
Detail of exposure north of Washtucna, showing cut-and-fill stratification and silt dike like those in 
the Touchet beds. 


SCABLAND FILL 
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pebble gravel (Pl. 2, fig. 3; Pl. 3, fig. 2). There is, therefore, a general 
decrease in average grain size with increasing distance downstream. 
Except in the southern part of the tract, erratic boulders are present on 
the scabland surface although they are rarely incorporated in the fill. 
In the southern part of the tract, size sorting is fairly thorough, with the 
gravel, sand, and silt sizes as well segregated as is common in coarse fluvial 
deposits. Farther north, size sorting is considerably cruder. 

The cobbles and pebbles range from rounded to angular, and for the 
most part show some degree of rounding, although the granules and sand 
and silt grains are commonly very angular. If degree of rounding in the 
coarser sizes is a function of the time required for unit distance of trans- 
port, then the scabland pebbles and cobbles, taken as a whole, are referable 
to streams whose discharge was small enough to move them slowly, while 
quantities of sand and silt brushed past and abraded them. This con- 
sideration is strengthened by the fact that the bulk of the material is 
basalt, and hence originated on the plateau, so that its maximum distance 
of transport is known. 

In some sections there are narrow zones of perfectly angular coarse 
fragments of basalt, commonly segments of hexagonal prisms resulting 
from columnar jointing of the basalt flows. In two exposures these zones 
could be traced short distances up-valley into ragged outcrops of basalt, 
from which they had evidently been ripped by a laterally eroding stream. 
As ragged bosses of basalt occur by the thousands, the inference is clear 
that these examples represent an early stage in the history of scabland 
rock fragments, illustrating the derivation of the bulk of the fill. The 
pieces were picked up along the floors and sides of the stream channels, 
and added to the fragments that had been derived from farther north and 
hence had been already modified by stream abrasion.® 

In the narrower drainage ways, such as Washtucna Coulee and Snake 
River canyon, the fill is notably coarser in the floor of the main channel 
than in the tributary entrants. This is explicable in terms of a continuous 
fill, in that for a given discharge, fine fragments in the main channel would 
be swept on downstream, while those near the margins would be washed 
into the tributary entrants, where they would lie protected from further 


5 The “broken rounds”’ described by Bretz (1929, p. 507) from Snake River canyon as evidence of an 
extraordinary flood, seem explicable on a more conventional basis. One means by which small pebbles 
are made is by the breaking of large pebbles into two or more pieces. In any stream gravel, a good 
many of the pieces are likely to be “broken rounds’. Such fragments are by no means uncommon in 
the scabland gravel, but are less conspicuous there than in the Snake River gravel, much of which, 
having been transported many times as far as the scabland gravel, was more perfectly rounded before 
the occurrence of the last breakages now visible. 

I do not find fault with Bretz’s statistical statements concerning the frequency of occurrence of 
“broken rounds’’, having made no statistical study of them myself. However, in the face of the con- 
trary evidence adduced in the present paper, the ‘“‘broken rounds’”’ are not in themselves evidence of a 
“flood.” 
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reworking. Also, the marginal remnants of the fill commonly lie at higher 
elevations than the fill in the main channel, and since, as will be shown 
hereinafter, the gradients of the proglacial streams decreased as the fill 
was built, a somewhat smaller average grain size is expectable at the top 
of the whole fill mass than at its base. This relationship is borne out in 
Snake River canyon, where exposed sections are thick enough to show an 
irregular though general decrease in average grain size, vertically upward. 


Stratification—The stratification of the deposits in the scabland proper 
(exclusive cf the Pasco basin) is characterized by subhorizontal lenticular 
courses of foresets ordinarily dipping down-valley and laterally away 
from the main channel. In the northern part of the tract, some of these 
courses are 10 or 12 feet thick, and at the base of the fill in Snake River 
canyon they are locally somewhat thicker, but elsewhere they range 
from a few inches to a few feet in thickness, and are interbedded in places 
with flat-lying para!lel-bedded or rolling-bedded (“rippled’’) fine-grained 
deposits (Pl. 2, fig. 3; Pl. 3, fig. 2). This general type of stratification 
is the “cut-and-fill” bedding characteristic of modern outwash fills and 
other fluvial deposits built by anastomosing streams carrying considerable 
loads of detritus. Although it would be unsafe to set a maximum figure 
for the depth of the water in which such stratification could be made, 
the character of the fine foresets, the many and abrupt changes in grain 
size, and analogy with modern outwash deposits, indicate depths far 
smaller than those cited for the “Spokane flood.” 

Exposures in the mouths of tributaries and small entrants at the margins 
of the scabland tract usually show foresetting back up the tributary, ac- 
companied by marked decrease in average grain size, and the courses of 
foresets tend to become thinner and to grade out into flat-lying parallel 
beds, as though the tributary had been blocked, and shallow water pended 
beyond the blockade. 

No exceptions to the common type of stratification have been observed, 
but exceptions to the common direction of foresetting are known. One 
of the most conspicuous is exhibited in two good exposures in the central 
part of Sec. 31, T 14 N, R 34 E, 2 miles northwest of Kahlotus. In one, 
the foresetting, in granule gravel in very small parailel courses, dips out 
of a small tributary entrant, and toward Washtucna Coulee, the main 
scabland channel, although the gravel clearly was derived originally from 
the coulee. In the other, the granule gravel, mixed with coarse basaltic 
sand, is parallel bedded, the beds inclined uniformly about 15 degrees 
toward Washtucna Coulee. A similar example is a small mass of fill in 
the center of Sec. 20, T 13 N, R 37 E, in a small draw tributary to Palouse 
River near Lyons Ferry. Here, gravel is foreset down the draw toward 


® The term lens and pocket stratification is used by Trowbridge (1911, p. 743-744). 
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the Palouse. No adequate explanation of this relationship can be offered 
as yet. 

The foregoing characters—namely, degree of rounding, size sorting, type 
of stratification, erratic boulders, and evidence of fill building into, rather 
.than out of, most tributaries—are closely similar to the facts observed in 
the Spokane Valley outwash fill (Flint, 1936, p. 1857-1863). This is a 
great deposit, locally 1100 feet thick, built from glacier ice at Pend Oreille 
Lake, Idaho, down stream through more than 50 miles, to a district west 
of Spokane, where it grades irregularly into lake deposits. The com- 
parison suggests that the same type of stream (though not the same 
stream) was responsible for both the Spokane Valley outwash and the 
fill in the Cheney-Palouse scabland tract. 


SURFACE FORM OF SCABLAND DEPOSITS 


General description—The surface form characteristic of the scabland 
deposits, in my judgment, consists of non-paired, stream-cut terraces in 
various states of dissection (Pls. 4,7). The upper surfaces of the terraces 
may be nearly featureless, or fluted with short parallel channels, or reticu- 
lated with small anastomosing channels containing small depressions with 
closures of less than 5 feet, or marked by crescentic channels with both 
long and short radii. The inner borders of some of the remnants at the 
lateral margins of the scabland tract seem to be the borders of the initial 
deposit, but elsewhere the remnants are commonly limited both above and 
below by erosional scarps which may be nearly straight and featureless, 
or may exhibit crescentic undercut faces and slipoff slopes with radii of 
many different lengths. Examples of ideal crescentic channels and scarps 
are: 

SW % Sec. 30, T 21 N, R 41 E, 5 miles NW of Rock Lake siding. 

E % Sec. 33, T 19 N, R 36 E, 5 miles SE of Ritzville. 


SW % Sec. 5 and NW % Sec. 8, T 17 N, R 38 E, 2 miies W of Lantz. 
NE % Sec. 28, T 13 N, R 34 E, at mouth of Devils Canyon. 


Most of the remnants occur in protected positions—in tributary en- 
trants, or in the lee of butte-like bosses of basalt or of island-like residual 
areas of “Palouse soil”. This distribution is what might be expected of 
selective slack-water deposition by a great flood, as argued by Bretz 
(1923b, p. 643), but it is also the expectable result of dissection of a 
continuous fill by streams encountering bedrock bosses as they shifted 
laterally during their downward cutting. 

Terrace remnants cover perhaps 15 percent of the area of the Cheney- 
Palouse tract, and an even greater total area consists of basalt with a 
scattering of stream pebbles on its surface. Individual remnants range 
from small patches, an acre or more in extent, to great continuous areas 
of many square miles. One of these, the eastern part of Rattlesnake Flat, 
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in T 16 and 17 N, R 36 E, is well shown on a map by Bretz (1928b, Pl. 5), 
although he maps it as silt and sand, whereas the exposures I found in it 
consist chiefly of sand and gravel. Others are shown by him on the same 
map just north of Washtucna, and in Snake River canyon between Davin 
siding and Riparia, a distance of more than 10 miles. Other large areas 
of fill of at least several square miles, occur along the south side of Palouse 
River valley (Washtucna Coulee) between Hooper and Gordon siding, 
northwest of Palouse River between Lantz and Winona, in the vicinity of 
Macall, in an area centering about 4 miles east of Ritzville, and in a great 
triangular area whose southeast side is the Northern Pacific Railway 
between Sprague and Kline siding (PI. 9, fig. 2). 

The number of small remnants is enormous. Such deposits were first 
described by Bretz (1923a, p. 584, 603) as terraces constituting the 
dissected remnants of a fill. Later, he abandoned this general interpreta- 
tion (Bretz, 1923b, p. 643) in favor of a hypothesis of individual construc- 
tional “bars”, “deposited during one short episode when the stream was 
deeper than they are high, yet had a mid-current velocity sufficient to keep 
most of the channel open from side to side and from top to bottom” 
(Bretz, 1925, p. 105). At the same time, however, he continued to view 
certain gravel masses in Snake River canyon as terraces (Bretz, 1925, p. 
102, 105). 

The vertical range of the fill is the same as the vertical range of scab- 
land. It occurs in the floors of channels (as in Washtucna Coulee, and 
in Lind Coulee at Ralston) (PI. 2, fig. 2), and at the bases of the highest 
Palouse scarps (well shown where a county road crosses the N line Sec. 
29, T 15 N, R 36 E, 1 mile NW of Washiucna). In general, there is 
more fill near the margins of a given tract, than along its axis or lowest 
part. In this respect the scabland tracts resemble normal stream valleys 
flanked by stream-cut terraces. However, there are few segments of scab- 
land, even near the axes of tracts, that do not carry at least small remnanis 
of fill. 

The features cited by Bretz (1928c) in support of the “bar” hypothesis 
seem to be (1) locations in the lee of island-like areas; (2) rounded upper 
surfaces, generally convex-up, and smooth side slopes, rather free of 
dissection by gullies; (3) parallelism of surface slopes with dip of foreset 
beds beneath. Of these features, the first is equally expectable of remnants 
of a continuous fill, but the second and third require further discussion. 

It is true that, where narrow, the smaller remnants have rounded upper 
surfaces. Furthermore, these remnants, like the extensive terraces of fill 
material, are notched by gullies only here and there, in spite of the fact 
that si ‘e slopes with angles of 25 to 30 degrees are not uncommon. Two 
factors appear to be responsible: the small regional precipitation, and the 
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Ficure 1. IN Wasntucna CouLEE 
Remnant in broad entrant off north wall in Sec. 10, T 14 N, R 35 E. Note how fill conceals basalt 
ledges. 


Figure 2. View at McApam 
From above center of coulee, looking northeast to Palouse scarp (upper right), meander scarp in 
basalt (center right), basalt ledges, and large mass of gravel and sand filling side canyon (upper left). 


Figure 3. DETAIL OF FILL REMNANT 
Thick flat-topped mass of gravel and sand in N 1/2 Sec. 2, T 12 N, R 34 E, in entrant off Snake River 
canyon, showing stratification in two exposures, and small draw cut along contact of fill on basalt, 
exposed at left. (Photo by Morris B. Canning.) 
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Figure 1. DETAIL OF SCABLAND LEDGES AND PALOUSE SCARP 
View northwest across Washtucna Coulee at Washtucna, to scabland ledges with small closed de- 
pressions, high scabland shelf grading into thick fill (right), and Palouse scarp. The higher scarps 
beyond the conspicuous one are the northwest slopes of high-level diversion channels occupied tem- 
porarily at the time of maximum fill. (Photo by 116th Photo Section, Washington National Guard.) 


Ficure 2. GRAVEL ON “PALOUSE SOIL” 
Rubbly stream gravel veneering broad stream-cut terrace in ‘Palouse soil” exposed in section at 
Lamont. 


STREAM-TERRACED “PALOUSE SOIL” 
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permeability of the material composing the deposits. The very slight 
precipitation, especially in the southern part of the tract, sets a small 
upper limit to the amount of surface runoff that could take place even on 
an impermeable mass. Gravel and sand, where fairly well size-sorted, are 
very permeable, and can absorb large enough quantities of water to 
restrict surface runoff greatly or to prevent it altogether. In these cir- 
cumstances, the sand and gravel deposits waste away by creep of the 
surface layers under dry conditions. This movement is shown by clean 
sections in railroad-cuts and gravel pits, in which sloping surfaces are in- 
variably underlain by a zone, from a few inches to 2 or 3 feet in thickness, 
in which stratification and size sorting have become indistinct, and this 
zone either cuts across the normal stratification of the main body of the 
sand and gravel mass, or bears a tangential relation to it. 

Of fifty dip-and-strike readings taken on exposures of gravel and sand 
near the surfaces of the ‘‘bars”, four showed the bedding to be nearly 
parallel with the surface; the others showed the surface cutting the strati- 
fication at various angles; a number of readings showed foresetting 
directed down-valley, cut by a surface sloping up-valley. In some places 
the exposures are so distinct that instrumental measurement is unneces- 
sary to determine the relation of stratification to surface slope, for it is 
obvious that the slopes are erosional, cutting relatively thin, flat-lying, 
somewhat lenticular courses of foresets inclined generally down-valley. 

These facts support the view that the scabland deposits are erosional 
remnants of a former continuous fill of sediments, whose upper surface in 
any latitude was at least as high as the highest remnants now remaining. 

Here and there the fill surfaces are marked by faint ridges up to several 
hundred feet long, 20 to 50 feet broad, and a few feet high. It is quite 
possible that some of these are at least in part constructional, and are 
similar to the “bars” between the channels of a braided stream. Again, 
some minor rock basins in scabland contain small mounded gravel masses 
usually no more than a few yards in diameter. Some of these forms may 
be constructional in the sense that stream flow shifted the gravel fill about, 
and removed most of it, but redeposited some of it in eddies and in places 
where the water was slack. None of these forms, even if constructional, 
constitutes in itself evidence of deep streams. 

Analogy with the Spokane Valley outwash fill (Flint, 1936, p. 1859) 
suggests the probability that before dissection, the fill had constructional 
slopes at those parts of its lateral margins which were built back into small 
tributaries whose contribution of sediment was inadequate to build them 
up flush with the scabland fill. However, these parts of the fill have 
been so altered by post-fill erosion, that if any initial slopes remain, they 
have not been identified. They are present, however, in other scabland 
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tracts, and one of them is well illustrated by Bretz (1928c, pl. 20, fig. 1).” 


Willow Creek “bar.”—In a special treatment of the “bars” occurring in 
scabland areas, Bretz (1928c) has specifically described several of these 
features from the Cheney-Palouse tract. These will now be considered. 
The first is the mass near the mouth of Willow Creek (Bretz, 1928c, p. 
647-649, fig. 2), covering an irregular area of about 2 square miles along 
both sides of the creek. The best general view of it can be obtained from 
the S % Sec. 27, T15N, R38E. It consists of two principal terraces south 
of the creek and one distinct terrace north of the creek. The section dis- 
continuously exposed along the road leading south from Gordon siding 
shows nearly 450 feet of laminated silt, sand, granule gravel, and pebble 
gravel, the coarser sizes increasing in abundance vertically upward. The 
stratification is thin-bedded, ranging from subhorizontal beds to lenses 
with cut-and-fill stratification. This bedding is not parallel with the com- 
paratively steep scarps or faces of the terraces. Some foresets are directed 
east up Willow Creek and some west down the creek. The surface form 
and exposed sections of this feature are not in accord with its interpreta- 
tion as a local “bar,” but they agree with the view that it is a remnant 
of a formerly continuous fill. The location of the remnant at the point 
where a distributary from the main drainage way rejoins the main, 
explains the opposing foresets in sediments which were built out from the 
main at times, and out of the distributary at others. 


Staircase Rapids “bar’”.—The Staircase Rapids “bar” is next described 
by Bretz (1928, p. 651-655, figs. 3,4). This feature, represented in detail 
in Bretz’s figure 4 and on the Washtucna quadrangle topographic map, is 
a bench more than 2 miles long, 2500 feet wide, and 200 feet high at its 
south end, nearly filling a valley tributary on the north to Washtucna 
Coulee at Washtucna. It centers in Secs. 15, 16, 21, and 22, TI5N, R36E. 
Its upper surface is gently undulatory; its face has an average slope of 
10 degrees. It so nearly fills the valley it occupies that the present drain- 
age is confined to a narrow depression along the eastern margin of its 
preglacial valley. 

Bretz refers to this feature as a “deltaic bar,” with a fluted upper surface 
and a constructional eastern face, and implies that it is the result of a 
ponding, but he gives no data on its composition and stratification, and 
bases his case for the constructional slope, on the statement that the toe 
of one spur at one time closed the draw along its base, ponding it to a 
depth of 18 feet, as indicated by laminated silt now exposed in the draw. 

On the other hand, these facts argue against the “bar” interpretation: 
(1) Eight sizable exposures, distributed throughout the southern two- 


7 Most of the fosse mentioned by Bretz appear to be the depressions made by fill dams thrown across 
pre-fill tributaries. 
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thirds of the mass, and with a combined vertical range of 160 feet, expose 
more or less flat-lying lenticular courses of well size-sorted gravel, sand, 
and silt, the bedding within the courses generally foreset south down the 
valley. The size sorting changes abruptly from course to course. In two 
of the exposures, the bedding is the ideal cut-and-fill type (Pl. 2, fig. 3; 
Pl. 3, fig. 2). (2) In the four exposures in the east face of the mass, this 
bedding meets the face at a distinct angle. (3) The south face of the 
mass is distinctly terraced, as can be seen along the county road in the 
NE \% Sec. 28. (4) The east face of the mass does not have the lobate 
form characteristic of an unmodified delta. (5) The eastern slope of the 
preglacial valley carries a thin but distinct covering of identical material, 
which is continuous through more than a mile, but whose upper surface is 
100 feet lower than the upper surface of the mass described by Bretz. 

Both masses, occurring on both sides of the present drainage way, are 
better interpreted as remnants of a continuous fill graded to the fill in 
Washtucna Coulee by a stream which, after leaving the main route north 
of Staircase Rapids, rejoined it at Washtucna. 


Palouse Canyon “bar”’.—Bretz (1928c, p. 656, fig. 5) describes as a 
“bar,” a feature occurring in Secs. 8 and 9, T13N, R37E, along the eastern 
wall of Palouse Canyon. This is a mass of gravel one mile long, about 
2000 feet wide, and at least 250 feet thick at its southern end. Bretz de- 
scribes it as having foreset stratification from the direction of Palouse 
Canyon back into the tributary. His sketch (Bretz, 1928c, fig. 5) 
embraces the northwest quadrant seen from my point 1225 (Fig. 3), which 
is too low to show the form of the mass as a whole. For this reason, my 
field sketch map (Fig. 3), using section fences as guides for horizontal 
control, is reproduced here. The feature has a nearly flat top, lying in 
the mouth of a preglacial tributary valley. The tributary drainage has 
been superposed from its southern end, across bedrock, into which it has 
cut a small slotlike canyon carrying two conspicuous dry falls. The south- 
east face of the mass, partly shown in Bretz’s sketch, is a great concave 
scarp one mile long, with the tributary streamway at its base. There is 
only one good exposure (see Bretz’s sketch) in this face, showing a section 
50 feet high about halfway up the scarp. It reveals dominantly pebble 
gravel, arranged in a single course of foresets 35 feet thick, striking N 22 
degrees W and dipping 18 degrees NE. The scarp at this place cuts the 
stratification obliquely, with a strike of N 28 degrees W and a dip of 
15 to 20 degrees southeast. Similar relations are less well exposed at other 
points along the entire extent of the scarp. 

The southwest tip of this mass is cut by a rock-defended lower terrace, 
whose southern extremity also shows in Bretz’s sketch. Immediately 
south is a corresponding mass of gravel reaching 75 feet higher, exhibiting 


q 
q 
| 
. 
| 
A 
{ i 
} 
{ 
. 


480 R. F. FLINT—ORIGIN OF CHENEY-PALOUSE SCABLAND TRACT 


thin beds of foreset peb»le gravel, and cut into a series of four terraces 
by the tributary stream. 

These facts point to a fill built down Palouse Canyon, growing laterally 
into this tributary entrant, where at one stage the water ponded by the 


Figure 3—Fill remnants in Palouse Canyon 
Plan of parts of Sections 8, 9, 16, and 17, T 13 N, R 37 E, showing basalt cliffs and slopes (hachured), 
fill (stippled), small canyon (C) cut by superposed stream, and spot elevations. Principal gravel ex- 
posure is indicated by dip-and-strike symbol. 


growing fill must have been at least as deep as the thickness of the foreset 
beds exposed, and later dissected by the tributaries to form a great con- 
cave scarp and a series of small terrace remnants. 


Mid-canyon “bar” —Bretz (1928c, p. 657, fig. 6) next describes a feature 
on the south side of Snake River canyon at Lyons Ferry, opposite the 
mouth of Palouse River. This is a bench about 2 miles long, with a 
maximum width of 2500 feet. Exposures facing the river reveal coarse 
basaltic cobble gravel with many large boulders certainly derived from 
Palouse Canyon. Its highest point is about 150 feet above the river. In 
its eastern part, the front of the bench, near the river, is more than 100 
feet higher than the back of the bench, at the base of the inclosing cliffs. 
The low area, 2500 feet long and 500 feet wide, drains into the Snake 
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through a narrow cut across the high part of the bench. The original 
closure, as Bretz states, may have been about 50 feet. A sizable inter- 
mittent stream enters the west end of the low area on a large fan. The 
eastern end of the low area is blocked by another fan. All these relations 
are shown in Plate 7. The entire mass is referred to by Bretz as a “mid- 
canyon bar” and constructional “fosse.” The large grain size of the con- 
stituent sediments is the result of their being derived from proglacial 
tributary drainage down the steep-gradient Palouse Canyon. The gentle 
“backward” slope of the bench is present in many of the low terrace 
remnants both up and down the Snake. These slopes appear to record 
“deeps” at the outsides of bends in the river during fill dissection. How- 
ever, the nearly inclosed low area, or “fosse,” is unusual. It occurs im- 
mediately at the base of a cliff notched by two large hanging valleys. 
The depression appears to have been maintained by scour by water cas- 
cading down from these valleys, in spite of some filling by the drainage 
way that continues to follow the depression today. 


“Shoulder bar.”—In connection with the “mid-canyon bar,” Bretz 
(1928¢, p. 657, figs. 6, 8) describes a neighboring mass which he terms 
a “shoulder bar.” Covering an area of nearly one square mile in Secs. 
25 and 26, T13N, R36E, this mass consists of granule- and pebble- 
gravel. A large gravel pit in its northwest face exposes a 22-foot sec- 
tion of this material, lying in parallel foreset beds, strike N 53 to 56 
degrees E, dip 22 to 28 degrees NW. The generalized surface slope 
here, disregarding obvious gullies, strikes N 8 degrees W, dip 5 degrees 
SW. Hence the surface of this feature is not controlled by the strati- 
fication, and is not constructional. Bretz states that a tributary to 
Snake River (Field’s Gulch) has been pushed out of its preglacial 
course by the growing “bar,” but the side of the preglacial valley oppo- 
site the “bar” carries conspicuous remnants of identical material, best 
seen just west of the Deruwe Ranch, such as would be left in case 
Field’s Gulch had dissected a valley fill and become locally superposed 
on one side of its pre-fill valley. These remnants, however, are not in 
harmony with a free-growing “bar” interpretation. Th» inferred fill 
relations are shown in Bretz’s figure 8. Bretz’s interpretation of the 
source and direction of the stream currents responsible for these 
deposits is entirely compatible with the fill hypothesis. 


“Bars” in Washtucna Coulee—Bretz (1928c, p. 663-664) next states: 
“Washtucna Coulee carries a great deal of gravel veneered as thin, side- 
hill bars throughout most of its length.” Speaking of Sulphur Lake, 
between Kahlotus and Connell, he adds that he “knows of no place in 
the whole system of channeled scabland where more bars can be seen 
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from one viewpoint and where their forms are more convincingly 
shown.” He mentions specifically the deposits in the mouths of two 
tributaries, Hardesty Coulee and Rattlesnake Coulee. It is true, as he 
states, that foreset beds are generally inclined up the tributaries, but it 
is also true that these beds, as exposed in cuts along the county roads 
up both coulees, and in one gravel pit in each mass, are thin courses 
which in these exposures bear no relation to the present surface forms 
of the masses. They are, on the contrary, entirely consistent with a 
hypothesis of a slowly aggraded fill, built down the main and up the 
tributaries, later dissected into the subflat benches and rounded forms 
now displayed. 
VOLUME OF THE FILL 

Lithology and sources—Whatever the direct evidence of fill and dis- 
section in the Cheney-Palouse scabland tract, the adequacy of the fill 
hypothesis must be tested from the quantitative point of view. Consid- 
ering the fact that preglacial valleys existed on the site of this tract, could 
the available late-glacial debris have been bulky enough to fill the tract 
up to the bases of the highest stream-cut scarps? 

The cobble- and pebble-gravel in the fill consists principally of chunks 
of basalt in various stages of chipping and rounding, with a minor but 
variable admixture of nonbasaltic rock types. The granule gravel is 
composed mainly of chips broken from the larger pieces, and is generally 
higher in basalt than are the coarser fractions. The sand includes some 
basalt grains, especially in the coarsest fraction, but the bulk of the sand 
consists of quartz with subordinate feldspar and other minerals, all derived 
from nonbasaltic rocks. The silt appears to be a mixture of reworked 
“Palouse soil” and quartz-feldspar rock flour. 

As the basalt and the “Palouse soil” occur only on the plateau, these 
constituents must have been picked up almost entirely from south of the 
ice margin, by the meltwater streams. On the other hand, the grains of 
quartz and feldspar and the nonbasalt pebbles (exclusive of caliche) come 
from north of the plateau and therefore must have been fed into the 
meltwater streams directly from glacier ice. 

Bretz (e.g., 1927, p. 201) has correctly stressed the preponderantly 
basaltic content of the gravel. In the southern part of the tract, the 
gravel fractions are generally 90 to 99 percent basalt, although in the 
north, near the drift border, nonbasaltic rocks may constitute as much 
as 35 percent of the gravel. This is well shown in a pit at center north 
line Sec. 12, T 23 N, R 40 E, west of Cheney. The sand fractions, however, 
are higher in nonbasaltic constituents. A sample taken from a cut at 
center east line Sec. 19, T 23 N, R 41 E, NE of Tyler, is 92 percent sand. 
The sample was subjected to detailed mechanical and mineralogic analysis 
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by Paul D. Krynine, who determined that at least 75 percent of the sand 
fractions were derived from rocks lying north of the plateau. Taking 
the Cheney-Palouse tract as a whole, it is probable that the sand fractions 
average about 50 percent nonbasalt, and constitute possibly 15 percent of 
all the fill now exposed. The total of nonbasaltic constituents of all sizes 
may be conservatively estimated at 8 to 10 percent of the total bulk of 
the fill. On this basis, 90 percent or more of the fill must have been 
acquired by meltwater erosion of the basalt and its cover of “Palouse 
soil.” Very little basalt was exported from this scabland tract, as the 
deposits in the Pasco basin consist almost entirely of silt (probably re- 
worked “Palouse soil” and rock flour) and quartzose sand, the coarser 
fractions having been deposited by the streams before they reached the 
basin. 


Porosity—If spherical grains of uniform size are packed as close as 
possible, the porosity of the mass is just under 26 percent (Lahee, 1923, 
p. 62). Angularity increases porosity. A mass of basalt fragments, 
114 inches in diameter, direct from the crusher, has a porosity of 48 to 
50 percent. Variable grain size reduces porosity. Brown (1928, p. 25) 
states that most unconsolidated sands have porosities averaging 30 to 40 
percent. Most of the fill in the Cheney-Palouse tract is partly rounded 
and moderately well size-sorted. A conservative estimate would place 
its average porosity at 25 percent. The bearing of this figure on the 
history of the fill must now be considered. 


Bedrock excavated from the plateau.—If all the scabland channels had 
been cut de novo by the proglacial streams, the resulting debris would 
have been more than ample for filling the excavations. But preglacial 
valleys were present. Snake River canyon, Washtucna Coulee, and the 
immediate valleys of Palouse River and Cow Creek existed in very 
nearly their present depths prior to the meltwater flow. Moderate widen- 
ing of all of them has occurred, but extrapolation on the hanging profiles® 
of tributaries that are not buried beneath fill remnants shows that their 
present lack of vertical accordance could be the result of widening of the 
main stream, with little or no deepening. In the northern part of the 
tract, on the other hand, very great widening and some deepening are 
shown by comparison of the tract with parallel adjacent valleys that 
never carried meltwater. Therefore, the bulk of the excavation in that 
district was accomplished by the proglacial streams themselves. 

A transverse cross section through the northern part of the Cheney- 
Palouse tract in the vicinity of Sprague Lake shows a maximum width 
of 20 miles and 4 maximum relief of 240 feet. Let us assume a rectangular 


8 Clarence Munson, New Haven Traprock Co., New Haven, Conn.: unpublished communication. 
® Especially conspicuous along the Snake River downstream from Lyons Ferry. 
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cross section 20 miles (+ 100,000 ft.) wide by 240 feet deep, as repre- 
senting present conditions, although the actual average depth is far !ess 
than 240 feet. This gives a present cross-sectional area of 24,000,000 
square feet. 

Now, if the preglacial valley here were 5 miles (+ 25,000 ft.) wide 
(much wider than any non-modified preglacial valley on the plateau) 
by 140 feet deep (the depth of Rock Creek valley, the deepest preglacial 
valley in this latitude), then the preglacial cross-sectional area here would 
have been 3,500,000 square feet. Subtracting this figure from 24,000,000, 
we get 20,500,000 square feet as the cross-sectional area of the rock 
excavated by meltwater. 

Assuming a porosity of 25 percent, the resulting debris would have a 
cross-sectional area of 30,750,000 square feet, which would cover the 
entire excavated cross section and give a surplus of somewhat more than 
25 percent, available for fill downstream, even though we neglect glacial 
contributions of debris from north of the plateau. 

The present cross-sectional area includes not only the stream excava- 
tion accomplished prior to and during the building of the fill, but the 
excavation accomplished during the dissection of the fill. Whatever 
allowance is made for this last factor, which is probably large, reduces 
by so much the cross-sectional area of debris necessary to fill the partial 
excavation existing at the time of maximum fill. 

Furthermore, the rock excavated from any point, forms debris all of 
which is deposited somewhere between that point and the Pasco basin. 
Hence, any surplus from the filling of one cross-sectional area is actually 
used for filling farther downstream, and reduces by so much the volume 
of rock that needs to be eroded there in order to produce the required 
amount of fill. 

The bedrock floors and sides of the northern part of the tract probably 
continued to be eroded during most of the filling of Washtucna Coulee 
and Snake River canyon, and only began to be filled themselves, as the 
gradients near the head of the tract were seriously reduced by rise of 
the surface of Lake.Lewis. It is in the northern part of the tract that 
debris furnished by the ice, and therefore requiring no stream excavation 
on the plateau, is most abundant. 


Summary.—In summary, although the number of unknown factors 
makes an actual volumetric computation impossible, the considerations 
offered here seem to indicate that (1) the greater porosity of fill as com- 
pared with basalt bedrock, and (2) the contributions made to the fill from 
the region north of the plateau, more than counterbalance the volume of 
the preglacial valleys. If these indications are correct, then the fill 
hypothesis seems quantitatively sound. 
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Ficure 1. DousLe PALOUSE SCARP AND TERRACE 
Peot Ranch, SE cor. Sec. 18, T 14 N, R 35 E. 


Ficure 2. TripLte PALOUSE SCARP 
Witk two intervening terraces, in prow of Palouse “island” north of Sprague. Scabland 
in foreground. 


Ficure 3. DouBLE PALOUSE SCARP AND TERRACE 
At tail of Palouse “‘island,’’ south of Ewan. Scabland in foreground. 


PALOUSE SCARPS 
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Ficure 1. View east up SNAKE RIVER CANYON 
From 1000 feet above north bank at mouth of Palouse River, showing terrace remnants of fill inside 
bends, and Dalles type channel where Snake River is superposed across a ledge of basalt. Tucannon 
River enters the Snake in center distance. 


Ficure 2. View west DOWN SNAKE RIVER CANYON 
From 700 feet above Snake River at Pataha siding, showing terrace remnants inside bends. Railroad- 
cut (right foreground) shows lenticular zones of silt interbedded with sand and gravel. Trestle is 
below mouth of Palouse River. Palouse scarp appears in profile in left distance. (Photo by 116th 
Photo Section, Washington National Guard.) 


SNAKE RIVER CANYON 
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SCARPS AND TERRACES IN THE “PALOUSE SOIL” 


The “Spokane flood” hypothesis implies that the weak “Palouse soil” 
should have been washed away from the underlying basalt within the 
vertical range of the “flood” and, further, that the Palouse scarps at the 
lateral margins of a scabland tract should fall into a single long profile 
recording the high-water mark of the “flood” (Bretz, 1928c, p. 701). On 
the contrary, the “Palouse soil,” like the scabland fill, is conspicuously 
terraced, and the distribution of the scarps is such that commonly two 
or more occur, one below another, in a single cross profile of a scabland 
tract. When plotted in long profile (Fig. 8) the scarps are seen to form 
an irregular sequence analogous to that of a series of non-paired stream- 
cut terraces. Further, some of the large non-glacial tributaries to scab- 
land streamways have scarped the “Palouse soil’ at two or more high 
levels (Pl. 6, fig. 1). Such searps could have been cut only by streams 
graded to high main-stream profiles under essentially stable conditions, 
and not by streams backed up by an ephemeral “flood.” 

In the valleys of very small tributaries, and in broad niche-like entrants 
without drainage, the “Palouse soil” is not searped, but has graded slopes 
down to the crest of the highest cliff in the underlying basalt. Such places 
were protecied from effective lateral planation by the proglacial streams. 
In their vertical and horizontal distribution, therefore, the scarps are 
similar to non-paired stream-cut terraces. 

The angle of slope of the scarp faces ranges from less than 20 degrees 
to a maximum of 38 degrees. The higher figure was read on a scarp in 
the NE 14 Sec. 7, T 14 N, R 38 E. Angle of slope appears to be related 
to the local composition of the “Palouse soil” (ratio of sand to silt; amount 
of caliche), though other factors may be involved. The upper surfaces 
of most of the terraces in the “Palouse soil” carry scattered stream-worn 
stones, identical with those in the fill. A favorably located road-cut 
section through a terrace near the center of the east line of Sec. 28, 
T 20 N, R 39 E, near Lamont, shows 4 feet of cobble gravel resting with 
a somewhat irregular erosional contact on “Palouse soil” (PI. 5, fig. 2). 

In one place (E 14 Sec. 27, T 15 N, R 38 E, 6 miles east of Hooper) a 
single terrace surface at the base of a scarp is cut across both “Palouse 
soil” and fine-grained fill. 

The Cheney-Palouse tract carries scores of these multiple Palouse 
scarps and terraces. A few readily accessible examples, exclusive of 
scarps and terraces in the fill, are listed below. 


1. SE % Sec. 4, T 21 N, R 40 E, SW of Amber. 
Double scarp and terrace in prow of “island.” 

2. Ctr. E % N line Sec. 1, T 21 N, R 38 E, 4 miles NE of Sprague. 
Triple scarp with two intervening terraces, in prow of “island.” Most of the 
20 “islands” in this vicinity have doubly scarped prows or tails (PI. 6, fig. 2). 
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3. Secs. 21 and 22, T 20 N, R 37 £, 2 miles S of Keystone siding. 
Triple scarp with two intervening terraces, cut off on one side by a single 
high scarp. Terraces are visible discontinuously through a distance of 2 miles 
west from this point. 

4. W % Sec. 11, T 19 N, R 40 E, 3 miles N of Ewan. 
Double scarp with intervening terrace, at prow of “island.” 


Ficure 4—Triply scarped “island” of “Palouse soil” 


Erosion remnant in E % Sec. 15, T 17 N, R 37 E, surrounded by dissected fill and low-relief scab- 
land. View looking northeast. The remnant is 2000 feet long, 800 feet wide, and 120 feet high at its 
northern (up-valley) summit, which has mature slopes untouched by meltwater. Elsewhere, the 
“island”’ consists of three flat-topped terraces cut across the ‘Palouse soil’’ and thinly veneered with 
stream gravel. The figures show elevations at critical points (Traced from a photograph.) 


5. Secs. 21 and 28, T 19 N, R 40 E, 2 miles W of Ewan. 
Double scarp with intervening terrace, at tail of “island” (PI. 6, fig.3). Double 
scarps are prominent along the NW side of Packer Creek valley, W and SW 
of this point. 
6. Secs. 27, 33, and 34, T 20 N, R 41 E. 
Double scarp with narrow intervening terrace 2 miles long, at east margin of 
tract near Rock Lake siding. 
7. Group of “islands” centering in Sec. 10, T 18 N, R 39 E, SE of Revere. 
Doubly scarped and terraced. 
8. Sec. 15, T 17 N, R 37 E, 4 miles W of Lantz. 
Two triply-terraced “islands” (Fig. 4). 
9. S % Sec. 28, T 17 N, R 37 E, 3 miles NW of Benge. 
Terrace at tail of “island.” 
10. Sec. 7, T 14 N, R 38 E, 4 miles SE of Hooper. 
Fluted terrace, scarped on both sides, connecting two “islands.” 
11. SE % Sec. 28, T 14 N, R 36 E, 6 miles NW of Lyons Ferry. 
Scarp and terrace in prow of “island.” A smaller island one mile SW has 
terraces at both prow and tail. 


At some places, “Palouse soil” areas exhibit mammillary undulatory 
topography similar to that now occurring between the scabland tracts, out 
of reach of the proglacial streams; yet conspicuous scarps and patches of 
fill occur vertically above them. This relationship is well displayed 
in the W % Sec. 24, T 16 N, R 36 E, 8 miles southwest of Benge; in the 
NE ¥% Sec. 21, T 15 N, R 36 E, 2 miles north of Washtucna; and in Secs. 1, 
T i3 N, R 35 E, and 6, T 13 N, R 36 E, 3 miles northwest of Davin 
siding. It appears to indicate pre-fill slopes which were gradually buried 
beneath fill, with little accompanying erosion, and were later exhumed 
by rinsing rather than by the more drastic process of lateral planation. 
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EROSIONAL FEATURES IN THE BASALT 


Types of scabland——The term scabland, as generally used in eastern 
Washington, carries no genetic significance; it refers merely to areas of 
bare basalt which in that region contrast strongly with the adjacent areas 
of “Palouse soil.” If the term is used in this way, scabland occurs in many 
places that were never washed by proglacial water, not only on the 
plateau but elsewhere, as will be shown hereafter. Scabland exhibits a 
great variety of local details, but for purposes of description, four general 
types may be recognized: 

1. Normal stream-valley floors and side slopes, in places where the 
bedrock is free of superficial mantle. 

2. Complexes of anastomosing channels, with intervening small resi- 
duals of basalt, and with some rock basins, in part at least caused by 
subfluvial quarrying. 

3. Plunge basins formed at the base of falls. 

4. Channeis and notches across bedrock spurs and thresholds, caused 
by superposition of streams from overlying fill, and by lateral spillover 
of streams which have aggraded their valleys sufficiently to enable 
them to flow across former divides. 

All these types, with the possible exception of the first, were recog- 
nized by Bretz, either specifically or by implication. He did not, how- 
ever, bring out the significant distribution of the several types. In 
the relatively deep narrow southern part of the Cheney-Palouse tract, 
the dominant types are (1) modified by (2); in other woras, preglacial 
valleys whose side slopes and spurs have been considerably altered by 
the cutting of numerous short channels superposed from fill during 
dissection. In the broad shallow northern part of the tract, the domi- 
nant type is (2); in other words, tracts cut largely de novo by the pro- 
glacial streams. The complex of channels and small rock basins, Bretz 
(1924a) terms the Dalles type channel, although surface would be a 
better word than channel. This type seems to be developed rather 
commonly on rocks characterized by vertical planes of weakness, and 
reaches an extreme in basalt that exhibits well-developed vertical columnar 
jointing. The basalt floors of small draws in central Washington eom- 
monly have very hack surfaces which record stream quarrying rather 
than stream abrasion. This fact has been well brought out by Bretz 
(1928a, p. 203), who has also (1928b, p. 466) correctly called attention to 
the relation of jointing to steepness of erosional features in the basalt. 

The Dalles type of topography developed in the broad northern part of 
the Cheney-Palouse tract is characterized quite as much by definite chan- 
nels as by closed basins. The channels have cut the basalt flows into 
miniature cliffs, with ground plans like nested hairpins where the streams 
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have cut down from flow to flow. The closed depressions quite commonly 
fall into linear series, forming deeps along the channels. The jointing in 
basalt throughout the tract varies from thin reedlike columns, through 
thick chunky columns 3 to 4 feet in diameter, to irregular, widely spaced 
joints that are barely apparent. In a general way, the development of 
basins seems to vary with close spacing and perfection of jointing. The 
basins are much more numerous in the northern part of the tract than in 
the southern, probably principally because the gradients were steeper 
there. Most of them are of the order of a few hundred feet in diameter 
by 10 or 20 feet in depth. Many contain lakes or the silt deposits of 
former lakes. One group of rock basins, including those of Medical, West 
Medical, Silver, Clear, Granite, Willow, and Philleo lakes, have shallow 
closures but cannot be said with certainty to have been excavated by 
streams, as they lie within the glaciated tract. Another group of shallow 
rock basins, including those of Fishtrap, Sprague (Colville), Masons, Cal- 
vert, Badger, Williams, Downs, Chapman, Big Swamp, Cow, and Finnell 
lakes, are long (1 to 5 miles) and narrow, have small closures (the visible. 
part ranging up to 30 feet), and are arranged in chains along proglacial 
(and probably also preglacial) streamways. Some of these, like the basin 
of Downs Lake, are comparatively minor irregularities in the floors of 
conspicuous valleys. 

Bonnie Lake and Rock Lake (PI. 8, fig. 1) are more striking than any 
of the others, because they lie in the deep preglacial canyon of Rock Creek, 
but it is not established that their basins have large closures. The surfaces 
of Rock Lake, 6 miles long, and Bonnie Lake, 4 miles long, lie more than 
400 feet below the highest Palouse scarps and 150 to 300 feet below the 
tops of the immediately adjacent cliffs. The canyon carries through drain- 
age today, but in one place the stream flowing from Bonnie Lake to Rock 
Lake follows a narrow gorge around a rock threshold 60 feet high, that 
nearly closes the canyon floor. Although the actual basin of Rock Lake 
has been quoted (Bretz, 1928a, p. 207; 1928b, p. 465) as having a reported 
depth of 250 feet, the features visible in August, 1936, and the facts ascer- 
tained from local inhabitants, do not seem to bear out this report. Many 
rock areas, ordinarily barely submerged, and invisible through the turbid 
water, appear in the lake at low water, forming ledges that extend nearly 
from side to side of the lake.’ The lower, or southern, end of the lake 
consists of fill, which forms the floor of the valley for some distance down- 
stream, and through which one considerable rock “island” projects. The 
fill is more than 1000 feet wide, and no information is available as to the 


10 Jim Stevens, Ewan, Wash.: oral communication. 

The only soundings ever made, according to local inhabitants, were carried out by the Chicago, 
Milwaukee, St. Paul and Pacific Railroad Company about 1911. J. F. Pinson, Division Engineer, has 
been unable to locate the records in the company’s files. 
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Ficure 1. Rock Lake 
View northeast from 1500 feet above middle of lake, showing concave cliffs flanking lake, bedrock 
threshold at head of lake, scabland ledges with simple pattern, and Palouse scarps at extreme right 
and_left. Directly above head of lake is a small “island”’ of ‘Palouse soil."’ (Photo by 116th Photo 
Section, Washington National Guard) 


Ficure 2. SCABLAND CHANNEL 
View south down minor channel in Rock Creek scabland in W 1/2 Sec. 18, T 18 N, R 39 E. (Photo hi 
by W. G. Sanford.) i 


RELATIVELY DEEP NARROW SCABLAND VALLEYS 
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Ficure 1. SCABLAND AT WASHTUCNA 
View-southwest down Washtucna Coulee from directly over Washtucna, showing coulee floor (left), 
scabland ledges with small closed depressions (center foreground), terraced fill remnant (upper right 
center), and Palouse scarps (extreme upper left and, at two levels, upper right). 


Figure 2. StREAM-CUT TERRACE IN FILL 

From 1000 feet above a point one mile east of Sprague, view north, showing thin fill over basalt 

in foreground, stream-cut terrace in fill over basalt (ledges crop out to right) in middle distance, 

and Palouse scarps in distance, including profile view of two large islands on right. (Photo by 
116th Photo Section, Washington National Guard) 


SCABLAND DETAILS 
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depth to bedrock beneath the fill.‘ Thus, there appears to be no evidence 
that either Bonnie Lake or Rock Lake occupies a rock basin, and if a rock 
basin or basins exist, their depths are unknown. The striking appearance 
of these lakes is due to the steep sides of the canyon in which they lie. 
The canyon is no deeper than some other preglacial streamways in the 
Cheney-Palouse tract, but it lacks the setback cliffs that give great width 
to most of the scabland canyons. 

Erosion of the basalt by the proglacial streams was selective. In some 
places it was intense; in others, no erosion of the preglacial valley sides 
occurred, as is shown by exposures of fill resting directly on thoroughly 
decomposed basalt and on “Palouse soil” with mature slopes. The former 
relationship is well displayed in a road-cut near center NE 4 See. 28, 
T 15 N, R 36 E, near Washtuena, and in a cut on the Spokane, Portland 
and Seattle Railway, near Milepost 246, N 4% SE 4 Sec. 5, T 9 N, R 32 E, 
near the bottom of Snake River canyon. 


Hanging tributaries and distributaries—It has been stated that the 
long profiles of the principal preglacial streamways in the Cheney-Palouse 
scabland tract are normal continuous profiles, with the chief tributaries 
joining them accordantly. Many of the minor tributaries and distribu- 
taries, however, both in the basalt and in the “Palouse soil”, hang above 
the main streams at their junctions. The lack of accordance is explained 
by Bretz (1923b, p. 628) as the result of later concentration of the 
“Spokane flood” into the deep preglacial streamways, after a time when 
the entire width of each scabland tract was filled with flowing water. It 
is at least equally well explained by the gradual rise of anastomosing 
streams on their own valley fills, occupying successively higher positions, 
widening their inclosing trenches, and then dissecting out the fills as they 
once more cut their channels down in most places to, or close to, their 
preglacial profiles. 


Dry falls with plunge basins—Other erosional features in the basalt, 
however, seem to demand comparatively small streams. One of these con- 
sists of small dry falls with plunge basins at their bases. One example, 
in the S 1% Sec. 22, T 13 N, R 35 E,on a scabland ledge 700 to 800 fect 
above the Snake River, has a circular plunge basin 200 feet in diameter 
and 40 feet deep. It records a small stream flowing over a flat-lying basalt 
shelf, in a southwesterly direction parallel with the present Snake River, 
but on a profile at least 700 feet higher. Other similar dry falls with 
subcircular plunge basins occur in the NW \ and in the SE See. 4, 
T 14N, R 327 E, southwest of Hooper. 

Dry falls occur at more than one elevation in a single cross-profile of 


11C, P. Downen, postmaster at Ewan, Wash.: oral communication. 


. 
q 


490 R. F. FLINT—ORIGIN OF CHENEY-PALOUSE SCABLAND TRACT 


the Cheney-Palouse tract. This admits the possibility, if not the prob- 
ability, of sequence in their development, and thus permits the same 
relatively small discharge to accomplish the erosion of first one and then 
another. Examples are three parallel dry falls of the area named by 
Bretz (1928c, p. 65) the Staircase Rapids. Occurring in Secs. 26-27, 
28-29-32, and 31, T 16 N, R 36 E (Washtucna quadrangle), in the same 
latitude and within a total distance of 4 miles measured at right angles to 
the direction of former flow, the falls range from 40 to 75 feet in height, 
and their lips have a total vertical range of 30 feet. Each is recessed in 
one or more places, showing concentration of stream flow, with conspicuous 
channels in the gravel fill upstream from the falls, leading into the recesses. 
The notching does not necessarily show a later development by more 
concentrated flow; very likely the notches record the low-water channels, 
the whole lip of each falls having been wetted only during seasons of high 
water. The first-mentioned falls has several parallel plunge basins, with 
closures up to 30 feet, along its 2-mile base, suggesting sequence of opera- 
tion. None of these falls appears to have receded far during its operation. 
The crescentic plan of the last-mentioned falls suggests a minimum reces- 
sion of about 500 feet. The falls are localized at the crossing of a minor 
preglacial divide, and the streams had a gradient, through a short distance, 
of 25 to 50 feet per mile. 

Other conspicuous high-level dry falls occur in the NE \% See. 8, 
T 13 N, R 36 E, near the Davin Ranch, and near the center of Sec. 5, 
T 14N, R 38 E, southeast of Hooper. It is noteworthy that they are very 
rare in the shallow, low-relief northern part of the tract, where the fill 
was so thin that little opportunity for superposition of stream channels 
across basalt ledges was afforded. 


Notched spurs and slotlike canyons——The deep, high-relief southern 
- part of the Cheney-Palouse tract carries many notched spurs and elongate 
hanging channels across iedges of basalt. The narrowness of these features 
precludes their having been made by a general “flood”, but is an ex- 
pectable consequence of a widespread fill, from which normal streams, 
during its dissection, were superposed across bedrock. Notches and hang- 
ing channels are rare in the northern shallow part of the tract, but are 
present adjacent to all the deep preglacial streamways. There is a con- 
spicuous notch at the junction of Rock Creek and Palouse River (W % 
Sec. 33, T 17 N, R 39 E), still margined on its north side by a great terrace 
remnant of the fill from which it was superposed. Along Cow Creek, 
channels occur in Sec. 36, T 17 N, R 36 E, and See. 8, T 16 N, R 37 E, 
both near Mack siding. Along Washtucna Coulee, a notched spur occurs 
in the NW 1% Sec. 32, T 15 N, R 36 E. Along Palouse Canyon, three 
such channels are followed or crossed by the Union Pacific Railroad 
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between Palouse Big Falls and Joso siding. The greatest number of 
notches, however, occurs along the segment of Snake River canyon that 
was occupied by the proglacial streams from the north. The segment 
farther upstream, not so occupied, does not possess these features. The 
area centering at Lyons Ferry, where the meltwater entered the Snake, 
has many notches, as in S 1% Sec. 30 and SE 4 See. 31, T 13 N, R 37 E, 
and NE \ Sec. 36, T 13 N, R 36 E (Fig. 9). Conspicuous notches and 
high-level hanging channels are numerous downstream to the vicinity of 
Page. Below this point, near Ash siding, the basalt passes beneath the 
surface of the Snake River, thus setting a downstream limit to the notches 
and channels. Several of them are distinctly shown on the Wallula quad- 
rangle. 

In some parts of the tract, the basalt shelves flanking main streamways 
are gashed by deep narrow slotlike canyons subparallel with the main 
channel. The most striking group of these canyons occurs in the shelf 
along the west side of Rock Lake. Each must have been cut by a stream 
no wider than the canyon floor. 


Umatilla River valley —The erosional features of scabland are perhaps 
nowhere better displayed in miniature than in the valley floor of Umatilla 
River, about one mile upstream from its mouth and just below a small ir- 
rigation dam. The floor, of bare basalt, is 150 to 200 feet wide. The mean 
discharge here is about 500 second-feet, but at the time of my visit (July, 
1936), the discharge was not more than 20 second-feet. Aside from the 
water withdrawn for irrigation, the discharge is subject to considerable 
seasonal variation. The floor is a plexus of subparallel anastomosing chan- 
nels and closed depressions without definite pattern, their margins coin- 
ciding at least in part with joints. The depressions have maximum long 
diameters of 10 to 12 feet, and maximum closures of 4 feet. Most of the 
surface of the basalt is hackly in detail, in strong contrast with potholes 
and other smooth rounded surfaces which are also present, although 
strongly reticulated by the traces of nearly vertical joint planes. Both 
abrasion and quarrying therefore take place. It seems likely that the 
abraded surfaces are the work of brushing of the bedrock with stream- 
driven sand during low-water stages, and that the hackly surfaces are 
the work of quarrying by hydraulic action during flood stages. Thus, a 
single flood might destroy the work of long-continued low-water abrasion. 


Valleys north of the plateau.—In three districts north of the plateau, 
all at elevations lower than that of the plateau surface, scabland features 
are present. One coincides with a small area of basalt in Sec. 4, T 27 N, 
R 43 E, about 2 miles southwest of Chattaroy, in the Little Spokane 
valley. Here the basalt surface has a relief of 20 to 30 feet, with typical 
channels and closed depressions. 
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A similar area lies on a basalt shelf, down within the canyon of Spokane 
River, near its junction with the Columbia, in Sees. 16, 17, and 18, T 28 N, 
R 36 E. Here the scabland is partly covered by a valley fill of outwash 
sand and gravel, and was cut, at least in part, prior to the deposition of 
the fill. 

The third area lies upstream from the one just mentioned, and centers 
in Sec. 2, T 27 N, R 38 E, near the Wellpinit Indian Agency. The rock 
is jointed coarse-grained granite. Outflow from a temporary glacial lake 
(Flint, 1936, p. 1856-1857) has cut it into a series of subparallel channels 
containing shallow rock basins up to several hundred feet long. If the 
detail forms controlled by columnar jointing in basalt are neglected, the 
gross pattern closely resembles scabland. 


Shoshone Falls, Idaho.—At Shoshone Falls, just east of the city of Twin 
Falls, Idaho, on the Snake River plains, the Snake River has incised a 
canyon more than 500 feet deep, through flat-lying flows into an under- 
lying crystalline rock. The individual flows are 6 to 20 feet thick, are 
somewhat vesicular, and are cut by joints into well-developed thick 
columns. The canyon here is steep walled and is nearly a mile wide 
from rim to rim. A broad shelf on the south wall about 100 feet below the 
rim consists of scabland with small anastomosing channels, isolated buttes, 
and shallow rock basins. The thin, vertically jointed flows yielded to the 
hydraulic force of Snake River as similar flows on the Columbia Plateau 
yielded to the hydraulic force of proglacial streams, yet I am not aware 
that unusual floods have been held to have affected the upper Snake River. 


Red Rock Pass, Idaho.—At the narrowest part of the Red Rock Pass 
outlet of glacial Lake Bonneville (Gilbert, 1890, p. 173) a group of bed- 
rock knobs and spurs centering in Sec. 33, T 12 S, R 38 E, Boise P. M., 
carries scabland-like features. The rock is steeply dipping dolomite, well 
jointed, with a very ccarse-hackly surface. The surface includes a 
number of rock basins up to 200 feet in diameter, the deepest one measured 
having a closure of 18 feet. The basins are oriented roughly parallel with 
the main outlet channel, and do not appear to have been developed by 
solution; nor are sinks known to occur in this rock type in other parts 
of the area. There can be little doubt that the basins are the result of 
quarrying by the stream through which Lake Bonneville discharged, 
favored by both joints and steeply dipping stratification planes. 


Hatfield, Massachusetts.—Flood erosion by the Connecticut River at 
Hatfield, Massachusetts, causing vertical-walled clored depressions up to 
15 feet in depth in unconsolidated silt, is described by Collins and Schalk 
(1937). They regard the depressions, which closely resemble mild scab- 
land, as “swirl pits.” 
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Conclusion —The examples given seem to indicate that wherever rock 
material with vertical or nearly vertical planes of weakness is subjected 
to stream flow, forms resembling scabland may develop. Thin basalt flows 
with columnar jointing probably furnish optimum conditions for this 
type of stream sculpture. 


SCABLAND STREAMWAYS AS HYDRAULIC TROUGHS 


The attempt to picture an enormous volume of water entering preglacial 
valleys and descending them on steep gradients leads to the conclusion 
that each pre-existing valley would have been greatly deepened and some- 
what widened, in order to reduce friction to a minimum by developing a 
channel as nearly semicircular as possible in cross-section. But com- 
parison of non-scabland valleys of preglacial date with preglacial valleys 
modified by the meltwater streams, shows that these streams widened 
them greatly and deepened them very little, so as to produce what would 
be very inefficient channels for a great “flood” but what would be expected 
of moderate streams rising and spreading out on fills of their own making. 


SUMMARY 


Although, as pointed out during this discussion, some of the features 
described in the foregoing sections can be explained as the products of 
a “flood,” the combination of them cannot be so explained. On the con- 
trary, the evidence submitted points to streams of normal discharge, 
which lowered their profiles through deposits that they themselves had 
built. This view demands a relative rise of baselevel followed by a rela- 
tive decline. We may now turn to the Pasco basin, where evidence of 
such deleveling, definitely related to the scabland fill, is present. 


RELATION OF SCABLAND, FILL TO DEPOSITS IN THE PASCO BASIN 
ADVANCE SUMMARY 


The scabland fill grades downstream into silt and fine sand containing 
erratic stones. This fill occupies the Pasco basin, and the Columbia basin 
as far west as the gorge through the Cascade Mountains. Chiefly because 
of its stratification and uniform upper limit, this fine-grained fill is 
believed to be lacustrine. It is thought to record a lake ponded by a 
landslide dam or glacier ice in the Columbia gorge, the rise and fall of 
the lake surface providing a fluctuating baselevel for the scabland streams, 
causing them first to deposit a fill and later to dissect their deposits. 


TOUCHET BEDS 


General features—The Pasco basin, and continuously with it the 
Columbia basin downstream as far as the gorge through the Cascade 
Mountains, carries a deposit of buff- to cream-colored silt and fine sand 
with erratic stones. Because this deposit is believed to be a stratigraphic 
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unit, and because it is particularly well exposed in the vicinity of Touchet, 
it will be referred to in this paper as the Touchet beds. This material 
is younger than the “Palouse soil,” upon which it rests, and grades both 
stratigraphically and topographically inte the scabland fill. It ranges in 
thickness from a barely appreciable veneer up to more than 100 feet in 
single exposures. Topographic relations suggest that in places it is 
considerably thicker. Its grain size is related to the mouths of the 
seabland tracts, being coarse (sand and gravel) near them and fine 
(medium and fine silt) away from them. It carries erratic stones ranging 
from sand grains to boulders, including many non-basalts, and these also 
are larger and more numerous near the mouths of the tracts than away 
from them. The coarser phases are invariably well stratified, showing 
cut-and-fill (fluvial) bedding and subflat parallel bedding such as might 
have been made in shallow ponded water (PI. 3, fig. 1). In some places 
the finer phases show delicate subflat parallel lamination with local indi- 
cations of rhythmic deposition, but more commonly they show little or no 
stratification (Bretz, 1929, p. 540). The Touchet beds differ from the 
“Palouse soil,” however, in being less compact, with few exceptions '* 
“brighter” in appearance (lacking ferruginous stains), free from con- 
spicuous accumulations of caliche in the subsoil zone, and in the fact that 
it carries erratics. Moreover, its vertical distribution and topographic 
expression differ ‘rom those of the “Palouse soil.” It has not been recog- 
nized above an elevation of 1150 feet, and is usually thin and patchy 
above 1100 feet. But at lower elevations, where sufficiently thick, it is 
sharply dissected, exhibiting sloping, plane-topped interfluves between 
\V-gullies which contrast with the mature expression of the valleys and 
interfluves in the “Palouse soil.” 

The “brightness” and freshness of the fine phase of the Touchet beds, 
as compared with the “Palouse soil,” is correlated with its composition. 
A laminated sample collected from a road-cut in the E 14 Sec. 30, T 7 N, 
R 34 E, near the type locality, was examined by P. D. Krynine, cf Yale, 
and was found to consist almost entirely of silt with small amounts of 
fine sand and clay. The mineral composition he estimates as follows: 


Percent 
1. Fine-grained fresh rock material (rock flour?).................. 65 to 80 
2. Yellow colloidal aggregates and iron-stained mineral grains...... 20 to 35 


Probably (1) consists chiefly of fine grains contributed to the melt- 
water streams from the glacier ice, and represents a contribution from 
the rocks north of the plateau, whereas (2) is likely to be “Palouse soil” 


12 For example, an 18-foot section exposed in the SW cor. Sec. 3, T 9 N, R 31 E, shows coarse-sand 
zones limonitized just above their contacts with underlying silt layers, which are relatively ‘‘tight’’. 
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material picked up from the plateau by the meltwater streams beyond the 
glacier margin (compare Krynine, 1937). The “brightness” of the 
Touchet beds throughout the Pasco basin suggests that the predominance 
of rock flour (?) over reworked “Palouse soil” (?) is general. 

This deposit has been described by Bretz (1928a, p. 325-328; 1929, 
p. 516-536; 1930b, p. 414) who attributed it to ponded water related to 
the proglacial scabland streams. It has been described by Allison (1933) 
from the region along the Columbia River between the Wallu!a Gap and 
the gorge through the Cascade Mountains. Allison concluded that it 
records meltwater ponded to about 1100 feet elevation, throughout this 
sector, a distance of 100 miles. Both Bretz (1930b, p. 409) and Allison 
showed that clusters of coarse debris incorporated in it and lying upon its 
surface probably had been rafted into position on floating ice. 


Transition zone.—In both Snake River canyon and Esquatzel Coulee, 
the Touchet beds grade into the seabland fill. In Snake River canyon, 
the transition is well displayed in cuts on the north bank, along the 
Spokane, Portland and Seattle Railway between Pasco and Snake River 
Junction, and on the south bank, along the Union Pacific Railroad between 
Ash siding and Walker siding. Both series of exposures show gradation 
of parallel-bedded and rolling-bedded silt and fine sand upstream, with 
many alternations, into fluvial sand and granule gravel. The parallel- 
bedded phases appear to have been made by stream currents entering 
shallow standing water backed up from the open central expanse of the 
Pasco basin. There are no deep-water deposits in these exposures, al- 
though finer sediments are exposed in many places at higher elevations. 

In Esquatzel Coulee, the transition is best shown in gravel pits and cuts 
along U. S. Highway 395 between Eltopia and the center of Sec. 32, 
T12N,R31E. Here, coarse fluvial deposits consisting chiefly of pebble 
gravel and cobble gravel grade irregularly up vertically through granule 
gravel, into the sand sizes with silt and some clay, although even near the 
top the stratification is cross-bedded, a condition showing the influence 
of variable currents. East of Eltopia, however, away from the main flow 
of the current out of Esquatzel Coulee, the change to laminated or non- 
stratified silt is abrupt. 

Both these sections record proglacial streams entering slack or ponded 
water in the Pasco basin, with fluvial deposition keeping pace with or 
exceeding the rate of rise of the ponded water surface. If the streams 
had entered deep water, deltaic stratification with long foresets extending 
through a considerable vertical range should be present. As the water 
rose, the downstream limit of effective fluvial deposition was shifted 
back up the scabland channels. Thus the top of the exposed section near 
Eltopia is at 850 feet, whereas 12 miles northeast up Esquatzel Coulee, 
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the Palouse scarps are at 1000 feet. The scarps flare out, become faint, 
and disappear, within this distance. Again, the sections mentioned along 
the lower Snake River canyon range between 400 and 800 feet, whereas 
at Snake River Junction the bases of Palouse scarps reach 1000 feet. 
The scarps flare out and disappear, 4 miles downstream from Snake River 
Junction. 

Less striking transition is shown in the numerous sections exposed along 
U. S. Highway 410, between Wallula and Touchet. Faintly current- 
bedded sand near Wallula gradually goes over into parallel-bedded silt 
near Touchet. 

The Touchet beds are finer grained, more perfectly laminated, and 
thicker as a body, in the district between Pasco and Benton City, than 
in any other part of the Pasco basin, with the possible exception of the 
eastern part of the Walla Walla River drainage area. There it forms 
crude benches whose upper surfaces slope steeply toward the center of 
the basin. Even here, however, the grain size and stratification suggest 
deposition in scores, rather than in hundreds, of feet of water. The 
scarcity of exposures of unquestionable deep-water deposits seems to 
arise from two factors, as follows: 

(1) The great central expanse of the Pasco basin is surfaced with an 
extensive fill of gravel, the relation of which to the Touchet beds is not 
known; it may be partly or largely pre-Touchet. In this area, the Touchet 
sediments were entirely removed before the building of the gravel fill, 
or they lie concealed beneath the fill, or were washed off of pre-Touchet 
gravels, exhuming the latter. Identification of remnants is impeded by 
the slight dissection of the floor of the basin, and by widespread veneers 
of overlying wind-blown sand. Thus, Touchet exposures are not present 
in just that part of the basin where deep water should be recorded. 

(2) In the marginal parts of the Pasco basin, the deposits are generaliy 
thin, failing for the most part to mask the topography of basalt or 
“Palouse soil” on which they rest and, at best, forming benches whose 
treads have such steep transverse slopes as scarcely to merit the name 
of terraces. This condition is plainly visible in a view across the 
Snake River-Washtucna Coulee interfluve, along a line drawn from Snake 
River Junction to Connell. The exposures are generally in the upper 
parts of this body, and are generally shallow. Whether or not deeper- 
water deposits lie concealed beneath them, they themselves do not neces- 
sarily indicate deposition in water as deep as the vertical difference 
between their present elevations and the 1150-foot contour, the common 
upper limit of the Touchet deposits, for any given exposed section may 
have been deposited during rise of the water surface, and before it had 
reached its maximum height (Figs. 5, 6). 
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From the stratification and topographic features already indicated, it 
seems clear that the Touchet beds never generally filled the Pasco basin 
to a height much greater than that at present, and that the water body in 
which they were deposited was never more than partially filled with 
sediment. In view of the abundant supply of sediment from the proglacial 
streams, either these streams ceased to flow before the ponded water 


Ficure 6.—Fill relations at junction of scabland tract with Pasco basin 


Idealized section along proglacial streamway at margin of Pasco basin, showing relation of ponded- 
water fill to fluvial fill at three times during dissection, beginning with highest stage of Lake Lewis. 
Ponded-water fill is progressively removed along this section by the regraded stream. 


drained away, or the ponded water body was comparatively short-lived. 
The absence of shore features, discussed later, favors the second expla- 
nation, and independent evidence will be brought out to show that pro- 
glacial stream flow continued throughout the entire ponding episode. 


Imbedded stones.—The stones included in, and resting on, the Touchet 
beds are characteristic of the deposit. They occur throughout the full 
vertical range of the Touchet, the highest ones found (in the SW cor. 
Sec. 30, T 7 N, R 31 E) being at 1150 feet. They range from coarse sand 
grains up to large boulders. One of the largest, a granite boulder 55 
inches in diameter, with an 18-inch basalt beside it, lies on the surface in 
the NE cor. Sec. 23, T 10 N, R 30 E, at an elevation of 720 feet. Others 
occur in sizable groups or nests, like those described by Bretz and Allison. 
One of these lies in the SE cor. Sec. 9, T 9 N, R 30 E. A few have ice- 
abraded facets, but most of them are more or less water worn. The 
smallest sizes (which are by far the most numerous) are chiefly grains 
of basalt, but the larger stones include many rock types foreign to the 
plateau. There can be little doubt that at least the larger ones were 
rafted into place by floating ice, and the small grains were probably 
transported in the same way. 

Are we dealing here with river ice or with bergs of calved-off glacier 
ice? In such shallow scabland streams as are indicated by the stratifi- 
cation of their deposits, only small pieces of glacier ice could be expected 
to travel down their length, and the only feasible source of large-size 
bergs would have been the Wenatchee Valley glacier (Bretz, 1930b, p. 389), 
which apparently could have calved directly into the ponded water, 
backed up into the Columbia canyon. On the other hand, river ice forms 


| 
a 

is 
= 

i 

is 


RELATION OF SCABLAND FILL TO DEPOSITS IN THE PASCO BASIN 499 


thickly along the lower Snake River during cold winters today, and occa- 
sionally also along the lower Columbia (Allison, 1933, p. 720). If the 
late-glacial climate was more rigorous than the present climate, freezing 
of the scabland streams may have been an annual occurrence. Incor- 
poration into the river ice, of stones from valley fills, would be a sure con- 
sequence, and spring thaws would send this material in quantity to the 
Pasco Basin.'* Some of the stones found in the Touchet beds are surely 
of Snake River origin (from central Idaho), and certain others resemble 
rocks in northeastern Washington. A detailed comparison of all these 
stones wit. the lithology of each of the possible contributing regions 
should add greatly to a solution of the problem of their origin.’* 

In many places, tiny stones less than 2 mm. in diameter are so numerous 
in the Touchet silt (estimated to form up to 3 percent of the total deposit) 
as to make it gritty. In these places the silt commonly fails to show strati- 
fication. Even in very shallow water, better size-sorting than this is 
expectable. These stones, like the larger ones, may have been ice-rafted. 
River ice, released by spring thaws, seems an entirely adequate source. 
On the other hand, the possible presence in the water of an electrolyte 
capable of flocculating the silt, as the load was delivered by streams, 
might have been a factor in the lack of size-sorting. 


Deformation and dikes—The Touchet beds commonly exhibit zones 
of warping and folding, and very commonly are cut by faults and sedi- 
mentary dikes. Intense folding, including miniature recumbent folds 
and overthrusts, is confined to thin zones, a few inches to a few feet in 
thickness, of fine-grained sediment. One of these is figured by Bretz 
(1928a, fig. 9.) As these zones are underlain and overlain by non- 
deformed beds, they are the result of contemporaneous deformation, 
probably by slumping and sliding of water-saturated silt on gentle sub- 
aqueous slopes. Similar phenomena have been observed in glacial lake 
deposits in other regions. The Touchet silt and sand along the lower 
course of the Snake River, near its mouth, lie in broad gentle undulations 
affecting series of parallel beds up to 20 or 30 feet in thickness. The 


13T am indebted to Dr. C. K. Wentworth for the following (unpublished) communication on the 
efficacy of river ice in general as a source of rafted stones: ‘‘[River] ice jams, when they begin to 
move, do make a very powerful attack on high level bluffs and banks composed of gravel, till or the 
like and in such cases tons of earth and rocks may be thrown down on the surface of ice blocks. In- 
stances are reported where large trees which usually strand on river bars and bottoms with the butt 
end and root-spread upstream are sometimes driven like horizontal piles 50 or more feet into such river 
banks by the force of ice jams.”’ In this connection, see Wentworth, C. K.: The geologic work of ice 
jams in subarctic rivers, Washington Univ. Studies, Sci. and Techn. No. 7 (1932), p. 49-58. 

44 J Harlen Bretz (unpublished communication) states that Dr. A. L. Anderson examined a number of 
pebbles of granodiorite porphyry collected from the Touchet beds and from the Riparia lake deposits 
described hereinafter, and stated the opinion that they were more like outcrops in extreme northeastera 
Washington and northern Idaho, than like outcrops in the Idaho batholith region drained by the 
Snake River. This opinion is immaterial to the fill hypothesis, as the pebbles are small enough to have 
been transported on very small pieces of ice, which could travel on shallow streams. 
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undulations are 20 to 100 feet long, and have amplitudes up to 10 feet. 
Their axes are generally transverse to the Snake River. These structures, 
too, may be the result of flow affecting the silt, possibly analogous to the 
“mud lumps” off the mouths of the Mississippi River. 

Many sections, in both the silt facies and the coarser facies of the 
Touchet beds, are cut by normal faults with displacements up to 3 or 4 
feet. More numerous than the faults are sedimentary dikes; which are 
present in almost every exposure of the Touchet beds, even where granule 
gravel is an important constituent. The dikes commonly pinch out down- 
ward, and consist of well-laminated and well size-sorted layers of silt, 
clay, and sand, parallel with the dike walls and hence cutting the bedding 
of the inclosing material at a large angle. Jenkins (1925b), who has 
described these dikes, suggests that fissures were formed in the Touchet 
beds by earthquakes, while the beds lay beneath a great weight of lake 
water, further lake deposits permitting the filling of the fissures. How- 
ever, this fails to explain the striking vertical lamination of the fillings, 
and the further fact that in a few exposures the fillings bend upward into 
horizontal attitudes, and merge with the bedding of the inclosing deposit. 
Flowage by squeezing seems definitely indicated, possibly with repeated 
re-opening of the fissures to permit the addition of new material. A 
specific study of the mechanics of the dikes is needed, for the light it 
might throw on the conditions of deposition of the Touchet beds. Mean- 
while, no features have yet been observed which would indicate sub- 
aerial deposition of the finer phases of this body of sediment. 


POST-TOUCHET FILL 


. It has been pointed out that in the vicinity of the mouths of the former . 
proglacial streams, the Touchet beds grade into the scabland fills in such 
a way as to suggest progressive overlap of ponded-water deposits upon 
stream deposits. The overlap is conceived to have progressed until the 
ponding reached its maximum height (1150 feet elevation). Lowering of 
the water surface as the ponded water was later drained off should have 
resulted in an offlap relationship, owing to encroachment of stream depos- 
its on ponded-water deposits. As the record of the lowering water surface 
is chiefly erosional, the offlap relationship would have been developed 
mainly at the mouths of the proglacial streams, in precisely those situa- 
tions where it would be most likely to be swept away again with still 
further lowering of the ponded water (Fig. 6). Certain deposits, chiefly 
gravel, along the south side of the Columbia (represented in gravel pits 
near center N line Sec. 2, T 8 N, R 29 E, and near center E 1% Sec. 35, 
T 9 N, R 29 E), and in Esquatzel Coulee (represented in road cuts in 
Sec. 11, T 11 N, R 30 E) probably are referable to this origin. 
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LACK OF SCARPS AND STRANDLINES 


The Palouse scarps, present along both sides of the Cheney-Palouse 
tract, flare out, become faint, and disappear at the margin of the Pasco 
basin. In Esquatzel Coulee, the southerly scarp swings southwest from 
near Connell, through T 13 N, R 31 E, and disappears at the southern 
boundary of that township. The northerly scarp, near the northwest 
corner of the same township, forms a peninsula with a similar scarp lim- 
iting the Othello Channels scabland tract on the east. The vertical 
accordance of the cut surfaces at the bases of these two scarps affords 
evidence that the two scabland tracts carried meltwater simultaneously. 
In the Snake River discharge-way, the conspicuous scarps disappear 
about 2 miles west of Snake River Junction on the north side, and about 
4 miles south of Snake River Junction on the south side. Higher scarps 
are found farther up-valley, and lower scarps (in the fill only) occur 
down-valley as far as the Columbia itself. The extrapolated profiles of 
the highest scarps fall close to the 1150-foot upper limit of the Touchet 
beds in both Washtucna Coulee and Snake River canyon. 

The upper limit of ponded water is marked only by the faint and 
irregular upper limit of Touchet beds and erratics in the vicinity of the 
1150-foot contour. No strandlines at this or any other contour have been 
observed. This indicates that the water surface stood at its highest level 
for a very short time. If the proglacial streams had discharged into a 
water body with a stationary surface, delta and strandline features would 
surely have resulted. The absence of such features, despite abundant 
evidence of greatly loaded streams, indicates continuous regrading to a 
shifting water level, a conclusion entirely in harmony with the strati- 
graphic evidence already cited. 

The hypothesis that the Touchet beds are the marginal deposits of 
a fluvial fill in the Pasco basin, and that no ponded water was present 
other than shallow water held between a stream-aggraded plain and 
the side slopes of the basin, must be rejected for these reasons: 

1. The silt and erratics (Figs. 5, 7) reach a nearly uniform upper limit 
from the mouths of the scabland streamways to the Columbia gorge 
through the Cascade Mountains, a distance of about 100 miles. 

2. No scarps cut spurs and headlands in the sideslopes of the Pasco 
basin. 

8. The silt shows no channels or other fluvial features in exposed sec- 
tions in the uppermost 300 feet of its vertical range. 

4. Streams capable of transporting the erratic boulders by traction 
or rafting would have had greater general competence than is recorded 


by the silt. 
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DISCUSSION OF THE PONDING 
Historical_—Several published works have recorded ponded water in 
the region between the mouths of the scabland tracts and the Columbia 
gorge. 
1. Symons (1882, p. 108, pl. 26) recognized a former lake in the Pasco 
basin, which he named Lake Lewis. The evidence consisted of silt, 
(rafted?) boulders, and exposures of the Ringold formation. 
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Ficure 7—Erratics between Wallula Gap and Portland 


Profile representing about 150 miles along the Columbia River, with vertical dimension exaggerated 
200 times, showing longitude and elevation of erratics accurately located by Bretz (1919), Piper (1932, 
p. 128), and Allison (1933; 1935). The erratics occur throughout a wide zone along both sides of the 
valley, and have been brought south or north into the plane of the profile. The absence of low-level 
erraties from the profile east of Hood River does not represent the true situation. Erratics are present 
at lower elevations, but probably they were not regarded as critical. This is a compilation of pub- 
lished data from outside the region which is the subject of the present paper. Silt localities are not 
shown. 


2. Russell (1893, p. 26-27) recognized Symons’s Lake Lewis, noted that 
its maximum depth was “nearly a thousand feet”, and that it was ephem- 
eral, and suggested that it was either a lake ponded by a dam, perhaps 
glacial, in the Columbia gorge, or an arm of the sea introduced by tem- 
porary subsidence. 

3. Bretz (1919) held Lake Lewis to be an arm of the sea, but later 
(1925) considered the silt and erratic stones to be deposits of the “Spo- 
kane flood”, their upper limit declining downstream. 

4. Hodge (1931) held the erratics to be lacustrine, but thought they 
antedated the present Columbia canyon. 

5. Piper (1932, p. 129) believed the erratics near The Dalles were ice- 
rafted on a ponded Columbia River. 

6. Allison (1933) showed that the upper limit of silt and erraties is 
essentially uniform throughout its extent, and held that ponding was the 
result of a dam caused by landsliding and a jam of floated ice near 
Stevenson, in the Columbia gorge. 


Fossils —Constant search for fossils in the Touchet beds has resulted 
in only two finds. A road-cut in the NE 14 Sec. 13, T 8 N, R 29 E, near 
Kennewick, at elevation 500 feet, in a fine-sand phase of the deposit, 
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yielded several calcareous shell-like forms which have been identified ** 
as the fossil fruits of Lithospermum ruderale Douglas, a common plant 
in the dry soils in that district today. As the plant is terrestrial, the 
fruits must have been washed into place, and hence do not provide critical 
information as to whether the Touchet beds are lacustrine or marine. . 

A more significant find was made in a road-cut in the E \% See. 30, 
T7N,R34E. Here, a fine-sandy silt facies of the Touchet beds yielded 
diatoms. These were isolated by P. D. Krynine, and were kindly ex- 
amined by K. E. Lohman, of the United States Geological Survey, who 
identified them as Melosira granulata (Ehrenberg) Ralfs, M. ambigua 
(Grunow) Miiller, and M. solida Eulenstein. These determinations have 
led Lohman to the opinion that the inclosing silt was deposited in a fresh- 
water lake.’* 


Possible dam in the Columbia gorge—The fossil evidence favors the 
first of Russell’s hypotheses. On the evidence so far at hand, I favor 
the concept of a ponding caused by damming in the Columbia gorge. The 
best evidence is the areal distribution of the silt and the vertical distri- 
bution of the erratics. The high-level silt occurs only upstream from the 
central part of the Columbia gorge, and the erratics, although reaching 
consistently high elevations (up to 1150 feet) east of the gorge, are 
nowhere higher than 400 feet in the region west of the gorge (Fig. 7). 

A dam in the Columbia gorge might result from (1) warping or fault- 
ing, (2) local voleanic accumulation (rejected by Allison, 1933, p. 719), 
(3) local glacier ice, or (4) landsliding, with or without the cooperation 
’ of icejams, as suggested by Allison. There is no direct evidence of the 
first two, and the facts thus far known make it very unlikely that ponding 
of the required depth could have been brought about by either of these 
agencies. Glacier ice and landsliding, however, appear to be valid 
possibilities. 

A valley glacier, emanating from Mount Hood, descended Hood River 
valley to within 5 miles of the Columbia in a late glaciation, and to 
within 3 miles of the Columbia during an earlier glaciation (Bretz, 1919, 
p. 495). Bretz regards it as unlikely that this ice tongue could have 
blocked the Columbia to a high elevation without leaving local traces. 
On the other hand, until definite evidence to the contrary is brought 
forward, the hypothesis of a glacier-ice dam ought to be retained as a 
possibility. 

The data on a possible landslide dam are as follows: The Oligocene 
or Miocene Eagle Creek formation, consisting of weak siltstones, shales, 
voleanic ejecta, conglomerates, and flows, is exposed in a north-south 
anticline so that it crops out through 25 miles along the north bank, and 


13 By Mr. L. C. Wheeler and Dr. Ivan M. Johnston, through the kindness of Professor M. L. 


Fernald. 
16 Lohman, K. E.: unpublished communication. 
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through 14 miles along the south bank of the Columbia, between Hood 
River and Skamania (Hood River quadrangle).17’ This mass of weak 
strata, at least 2700 feet thick at Table Mountain, is overlain by about 
1500 feet of basalt. 

The contact lies at about 2000 feet A.T. in the crest of the anticline 
on the north side of the river, but descends southward with the pitch of 
the fold. At Red Bluffs and at Bald Mountain, both north of the river, 
extensive sliding has occurred, with development of landslide topography 
beneath two areas aggregating several square miles. At Red Bluffs, the 
cliffs have receded 3 miles from the river, which has been crowded over 
against the south bluffs by the slides. Recent slides which apparently 
dammed the Columbia to a depth of 100 feet have been described by 
- Lawrence (1936, figs. 4, 5). Extrapolation on the contact of resistant 
basalt on the weak Eagle Creek formation at Table Mountain, shows that 
if extensive landslides had occurred when this cliff was much nearer the 
Columbia than it is now, the resulting debris could have dammed the 
Columbia up to the 1150-foot contour. This is admittedly a large require- 
ment, which can perhaps best be met by successive slides at the same 
place, or by slow continuous sliding on a gentle slope. By either of these 
means, it seems possible that the Columbia might have been dammed 
for hundreds of years. 

The answer to the dam question will have to follow detailed study of 
the Columbia gorge. I do not defend any one hypothesis here, because 
the character of the water body is not vital to the fill hypothesis of scab- 


land origin. The fill mechanism could have operated equally well if the — 


proglacial streams had been graded to a lake with some other kind of 
dam, or to an arm of the sea. The outstanding requirement is that the 
water surface shail have risen gradually to, or close to, the present 1150- 
foot contour, and then have begun soon to fall again. For this water 
body, I propose to use Symons’s term Lake Lewis, without prejudice as 
to its origin. 

Time relations —If Lake Lewis was an arm of the sea, we have all the 
time we need for the building of the scabland fill. But if it was a lake 
without outlet, then the time factor becomes critical. On the latter as- 
sumption, the maximum area and capacity of the Lake Lewis basin, 
assuming an upper limit of 1150 feet, have been determined, and the time 
required to fill such a basin by the modern Columbia has been computed. 
The results are as follows: 


17 Important data on the landslide area have been kindly supplied by J Harlen Bretz (unpublished 
communication); also see Allison (1933, p. 720), and Williams (1916, p. 86-93). 
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Area of Dake Lewis at: maximum™ 5916 square miles 
Volume of Lake Lewis at maximum”™ ....................0.055 1,502,000 acre-feet 
Present rate of evaporation from water surfaces (weighted average of 

Mean annual discharge of all streams tributary to lake area, 1878- 

1935 (Grover, Canfield, and Parker, 1936, p. 15).............. 200,500 second-feet 
Time required for present streams to fill basin™................. 13 years 1 month 


The calculated time, 13 years 1 month, seems grossly inadequate for the 
deposition of the fill in the scabland tracts. This calculation, however, is 
based on present discharge, and we have no data at all on the discharge 
during the bracket of Pleistocene time in which we are interested. There 
is as yet no means of determining whether the discharge was greater or 
smaller then than now, and if so, by what amount.” Further, the calcu- 
lations are based on no outflow at the dam, but various hypotheses, in- 
cluding those of repeated and progressive landsliding, permit lengthening 
the time indefinitely, by allowing for outflow during rise of the lake surface. 

With the facts thus far at hand, it does not seem profitable, therefore, 
to carry the time calculations any farther. It should be added, however, 
that the numerous non-paired stream-cut terraces in the scabland tracts, 
vertically closely spaced, indicate that the ratio of lateral cutting to 
downcutting by the progiacial streams was high, during dissection of the 
fill. As the great volume of debris in these streams would have kept their 
long profiles in approximate equilibrium throughout the greater part of 
the dissection episode, this high ratio is understandable even though the 
surface of Lake Lewis may have descended rapidly. 


PROFILES OF THE PROGLACIAL STREAMS 


Two principal profiles of the meltwater streams are recorded (Fig. 8). 
The relatively steep profiles of the present drainage ways, which were 
followed by the meltwater streams just before they were extinguished by 
the disappearance of the glacier ice from the plateau at the stream heads 
near Spokane, have an average gradient of slightly more than 20 feet 
per mile, measured from a point near Cheney to a point near Snake River 
Junction, a distance of nearly 100 miles. The less-steep profile recorded 
by the highest fill remnants and Palouse scarps, which was followed by 


18 By planimeter on 100-foot contours. 

% Computation from planimeter measurements. 

Allowing for decreasing rate of rise, and increase in evaporating area, as water area increased. 

%1 The analogy of the late-Glacial lakes Bonneville and Lahontan suggests diminished late-Glacial 
evaporation, owing to increased precipitation or lower temperature or both. The lowered late-Glacial 
snowline of the Cascade Mountains (Klute, 1928, p. 75; Louis, 1927, p. 221) carries the same suggestion. 
Furthermore, the gorges across the Coast Ranges in British Columbia having been blocked by ice, the 
late-Glacial discharge of the Columbia River in Washington should have been drawn from a more 
extensive tributary area than that furnishing the present discharge. 
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the streams at the maximum of aggradation, has an average gradient, 
through the same segment, of about 13 feet per mile. The figures given 
necessarily include any changes due to warping that may have occurred 
since proglacial flow ceased, and whose value cannot be determined. 
Hewever, local deformation is not indicated by the profiles, and regional 


Ficure 8.—V ertical relations of Cheney-Palouse tract 


Profiles from East Cheney Township Hall (near Spokane) to Pasco basin, showing main drainage way 
and a principal subsidiary; limit of glacier ice at maximum advance; positions of Palouse-scarp bases 
and upper surfaces of fill remnants determined with Paulin altimeters from nearby benchmarks; long 
profile of fill at its maximum, restored from scarps and fill remnants; and upper limit of silt and 
erratics (Touchet beds) in Pasco basin. The scarps and fill remnants lie on both sides of the scabland 
tract, distributed through a zone 5 to 25 miles wide, and have been brought into the plane of the profile. 


deformation is not likely to have altered greatly the two profiles relative 
to each other. 

Intermediate positions of the streams during dissection of the fill are 
recorded by intermediate scarps and terrace remnants, but, as these 
are not paired, they cannot be correlated. Intermediate positions of the 
streams during the building of the fill are not recorded; their records are 
in part obliterated, and in part indistinguishable from those made during 
dissection. 

The stream-cut scarps “hang” above the floor of the Pasco basin, their 
downstream terminations showing several profiles which are apparently 
fortuitous, depending on the position of the surface of Lake Lewis at 
several times when the laterally shifting streams impinged against prom- 
ontories of “Palouse soil.” 

Prior to aggradation the initial profiles of the streams were probably 
somewhat steeper than the latest, post-fill, profiles, because of the excava- 
tion in basalt that occurred near the head of the Cheney-Palouse tract. 
Even if this difference be disregarded, the building of the fill would have 
had the effect of reducing the initial gradients about 35 percent (from 
about 20 feet per mile to about 13 feet per mile). Conversely, the dis- 
appearance of Lake Lewis would have increased the gradients more than 


if 
> 
2 
i 
BASIN i H reer 
recy 
600 
250 
: . 


PROFILES OF THE PROGLACIAL STREAMS 507 


50 percent above the smaller figure. These changes seem entirely appro- 
priate to have produced the filling and dissection actually recorded. 

The reader now has before him all the data essential to an understanding 
of the fill-and-dissection interpretation of the genesis of the Cheney- 
Palouse scabland tract. In the following pages are discussed the effects 
of the fill on eastern tributaries to the tract, the special cases of two 
distributaries across major divides, and the age relations of the scabland 
features. A chronologic summary of events, based on the new interpre- 
tation, is given in a concluding section. 


THE RIPARIA LAKE 
FILLS IN TRIBUTARIES ALONG THE EASTERN MARGIN OF THE TRACT 


Bretz (1929) has clearly shown that while the proglacial streams were 
flowing through the Cheney-Palouse tract, the nonglacial streams tribu- 
tary to the eastern margin of the tract were slackened and/or ponded 
by deposits built across their mouths. Although these deposits have been 
subject to so much dissection that their initial form can only be approxi- 
mated, analogy with less-dissected, but otherwise similar, features in 
other scabland tracts, and in the Spokane Valley fill (Flint, 1936, p. 1859) 
suggests that the distal (up-tributary) slopes were constructional lateral 
offshoots, built out from the scabland tract as parts of a continuous fill, 
and that the proximal slopes (facing the scabland tract) are younger, 
having been sculptured by undercutting as the meltwater streams dissected 
the seabland fill. A simiiar relationship is currently described from the 
Talsekwe Valley, British Columbia. In this valley, which is now being 
filled with glacial outwash, “aggradation is so rapid that a wall is being 
built across . . . [a] tributary valley, and soon a lake may be formed 
there” (Kerr, 1936, p. 693). 

Such relations are found in the valleys of these nonglacial tributaries: 
Kamiache and Cottonwood creeks, Palouse River, Rebel Flat and Union 
Flat creeks, and, on a much larger scale, in Snake River canyon at its 
junction with the Cheney-Palouse scabland tract. Bretz (1929) has 
demonstrated that ponding in this canyon reached an elevation of 1300 
feet, which is only slightly lower than the highest stream-cut scarps in 
“Palouse soil” at the down-stream limit of ponding, and that, at the 
same time, pebbles from the Cheney-Palouse tract were carried con- 
siderable distances back up the canyon. He attributed these features to a 
rush eastward up Snake River canyon, of berg-charged glacial water and 
mudflows (Bretz, 1929, p. 414, 515). 


GRADUAL PONDING OF SNAKE RIVER 


Quite aside from the evidence of gradual aggradation in other parts 
of the Cheney-Palouse tract, the features of this segment of Snake River 
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canyon (Fig. 9) point toward gradual ponding of the Snake as the melt- 
water streams built their fill across it and then aggraded the fill to about 
1300 feet. The situation was similar to the ponding of the upper Missis- 
sippi River by a fanlike outwash deposit built across its valley by the 


Ficure 9.—The Riparia lake 
Relation of proglacial fill dam (stippled above lake level) to Riparia lake (ruled) at highest stage 
of lake. At earlier stages, the lake was areally less extensive and the fill more so, though at lower 
elevations. (Base from United States Department of Agriculture Soil Survey maps, Washington State 
Highway Department maps, and Walla Walla quadrangle, United States Geological Survey.) 


Chippewa River, to form Lake Pepin. The deposit was built across Snake 
River canyon in fanlike fashion from the vicinity of the mouth of the 
present Palouse River. The rate of rise of the ponded Snake River was 
controlled by the rate of rise of the top of the fill dam, which was graded, 
down the Snake, to the rising surface of Lake Lewis (Fig. 10). During 
this time, the outflow from the ponded Snake escaped around the distal 
periphery of the fanlike dam, and joined the main (west) distributary of 
the meltwater stream. When Lake Lewis began to drain away, the dam 
was dissected, and the Snake River, after being superposed across basalt 
spurs in several temporary courses, finally resumed the pre-ponding course 
it follows today. 

Remnants of the dam, which filled Snake River canyon from side to 
side up to about 1325 feet A. T. at Lyons Ferry, declining to about 1150 
feet near Snake River Junction, are numerous (Pl. 7). Nowhere do ex- 
posures exhibit foreset beds of great amplitude, such as would have been 
built into a deep lake, suddenly made. On the contrary, the stratifica- 
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tion appears to consist entirely of thin courses of foreset beds, grading 
horizontally back up large tributaries, such as Tucannon River and 
Alkali Flat Creek, and vertically up, through parallel-bedded granule 
gravel and sand, into the parallel-bedded silt, well described by Bretz 
(1929). In several places the silt displays rhythmic stratification (Bretz, 
1929, p. 589-540). A conveniently accessible exposure of this type 
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Ficure 10—Fill dam of Riparia lake 


Idealized section along Snake River canyon from below mouth of Palouse River to a point upstream 
from Riparia, showing inferred conditions at maximum of Riparia lake. Compare Figure 9. 


occurs in a cut on U.S. Highway 410, in the E 14 Sec. 31, T 12 N, R 39 E. 
If the rhythms represent years, the deposit required a long time for its 
accumulation. 

The lower part of the fill dam is coarse, and the pebble-gravel fraction 
includes a large proportion (in places reaching 75 percent) of Snake 
River gravel derived from the crystalline rocks of central Idaho, and 
recognized by its predominant content of porphyries and foliates foreign 
to the scabland fill north of the Snake, which, aside from basalt, is char- 
acterized by granites and gray and purplish quartzites. The admixture 
of Snake River stones characterizes the fill westward to the Pasco basin. 
Upstream, only this lower part of the fill is present. It extends at least 
as far as Lewiston, Idaho. Fill in this part of Snake River canyon has 
been mentioned by Russell (1897, p. 20-21; 1901, p. 74) and by Jenkins 
(1925a, p. 747). 

However, at higher elevations, roughly above 700 to 800 feet, the pre- 
dominant material is basalt, with a small proportion of stones from the 
glaciated region of northeastern Washington, all of which was introduced 
by the meltwater streams via the Palouse River route. This change 
appears to indicate that for a time the Snake River was able to aggrade 
its bed to the rising baselevel provided by the fill dam, but that later it 
was ponded and obliged to deposit its traction load much farther up- 
stream, while, near the dam, only silt interbedded with volcanic ash was 
laid down. 

Traverse of both sides of the canyon between Lyons Ferry (the site of 
the dam) and the highway bridge at Central Ferry shows nearly con- 
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tinuous remnants of the fill. An excellent section is exposed along the 
Northern Pacific Railway between mileposts 39 and 40, showing strati- 
fication foreset both up and down the canyon, doubtless the result of 
varying strength and position of the meltwater streams distributing down 
easterly radii of the fanlike deposit centering near Lyons Ferry. The 
rather abrupt gradation up the Snake, of scabland gravel into silt, coupled 
with the prevailing thin courses of foreset beds in the gravel, indicates 
a progressive overlap westward of lacustrine upon fluvial conditions 
(Fig. 10). The termination of the gravel facies records, not a time unit, 
but the sum of all the eastern limits of gravel deposition throughout a 
considerable time. 

Snake River stones occur on the present surface at high elevations, 
but not in large numbers. The highest were found in the SE 4 Sec. 32, 
T 13 N, R 38 E, opposite Riparia, at 1150 feet, well above the top of the 
zone of predominant Snake River gravel in the fill. They may have been 
ice-rafted into place on open water. Rafted stones at high elevations have 
been reported by Bretz (1929). That they are not remnants of a once- 
continuous fill is indicated by (1) lack of fill remnants upstream at corre- 
sponding elevations, and (2) lack of superposed notches and channels 
upstream, the distribution of these features coinciding with the dis- 
tribution of the fill remnants. 

The growth and disappearance of the Riparia lake were thus the indirect 
result of the growth and disappearance of Lake Lewis, whose surface con- 
stituted the baselevel that controlled the height of the fill dam. The 
smaller valleys tributary to the Cheney-Palouse tract from the east, 
whose fill relations are less well exposed, had somewhat similar histories 
during the fill episode. 


DISTRIBUTARIES ACROSS MAJOR DIVIDES 
GENERAL FEATURES 


At several places, proglacial streamways lead from one deep part of 
the Cheney-Palouse tract, across a preglacial divide, into another deep 
part, or out of the tract altogether. With the exception of Palouse 
Canyon, these streamways are now dry, and hang above the present 
drainage profiles. Bretz (1929, p. 204-207) viewed them as spillovers 
from the deep water of a “flood,” whose surface rose as high as the rim 
of the containing valleys. That spillovers occurred at these places is 
unquestionable. But the spillovers are equally well explained as the 
result of shallow streams rising on their own fills and overtopping the 
divides that confined them. Spillovers of this kind occurred at scores of 
places on a small scale, and those mentioned here are merely large and 
conspicuous examples. They do not constitute evidence for or against 
a “flood.” 
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RITZVILLE GROUP 


Three distributary streamways lead west from the Cheney-Palouse 
tract to the Quincy basin, their intakes somewhat higher than the lowest 
profile of the main tract in the same latitude. All are but slightly modi- 
fied preglacial streamways. Ritzville Coulee intakes at Ritzville at a 
height of 50 feet; Bowman’s Coulee intakes 6 miles south at a height of 
50 feet; and Lind Coulee intakes at Ralston at a height of 75 feet. The 
three distributaries converge near Lind. Lind Coulee contains much 
gravel fill in the form of terrace remnants, and near its intake, the gravel 
covers the coulee floor continuously. In the other two coulees, most of 
the fill has been removed, and remnants are few. Immediately east of the 
three intakes, however, along the western margin of the main scabland 
tract, broad gravel terraces are conspicuous. The highest Palouse scarps 
lie nowhere more than 75 feet above the floors of these coulees. At its 
maximum the fill here was therefore thin. These distributaries were 
occupied late in the episode of aggradation, and were abandoned early in 
the episode of dissection. 

DEVILS CANYON 


The preglacial (anticlinal) divide between the Snake River and the 
Washtuena-Esquatzel Coulee (the preglacial route of Palouse River) 
was breached by meltwater overflow at several places, of which the two 
principal routes were Devils Canyon (in T 13 N, R 34 E) and the Palouse 
Canyon scabland, 10 to 20 miles farther east. Devils Canyon (Figs. 2, 11; 
Pl. 10, figs. 2,3) is 4 miles long, 1500 to 2000 feet wide at the bases of the 
flanking Palouse scarps, 400 feet deep at the intake, and about 700 feet 
deep at its mouth, and has hanging lateral tributaries. Its floor, traced 
upstream from its mouth 1a Snake River canyon, has a continuous gradient 
of more than 50 feet per mile, but at the intake, it rises nearly 200 feet 
in less than a quarter mile, in a series of abandoned cascades. The intake 
is merely a rock threshold, standing about 100 feet above the floor of 
Washtuena Coulee. It is a remnant of the preglacial divide still remain- 
ing at the cessation of flow through the canyon. In spite of the steep 
gradient of the canyon floor, the gently declining long profile of the 
flanking Palouse scarps shows no corresponding change along the canyon’s 
length. 

Devils Canyon has been clearly described by Bretz, who discriminated 
between preglacial and proglacial erosion. Having in mind the steep 
long profile of its floor, he interpreted it first (Bretz, 1923b, p. 635) as the 
result of a spillover of water which cascaded across the divide to the 
Snake, and cut the canyon by falls recession. Taking into consideration 
the uninterrupted long profile of the Palouse scarps, he later (Bretz, 
1928a, p. 204-207) interpreted the canyon cutting as the modification of 
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a preglacial tributary to the Snake by “subfluvial cascades” beneath deep 
flowing water. 

The two facts of the gently sloping long profile of the Palouse-scarp 
bases and the steeply sloping canyon floor are brought into harmony by 
the fill hypothesis (Fig. 11). A preglacial tributary was gradually filled 
with deposits by the proglacial stream in Snake River canyon, while 


Figure 11—Relations at Devils Canyon 


Somewhat generalized section from Washtucna Coulee at Kahlotus, south to Snake River canyon, 
showing present long profile of Devils Canyon with rock saddle at its head, hypothetical long profile 
of its preglacial predecessor, long profile of Palouse scarps, restored upper surface of fill at maximum, 
and fill remnants (stippled). 


Washtucna Coulee was similarly aggraded. When the rising fill over- 
topped the divide, water spilled across it from Washtucna Coulee to the 
filled tributary on the relatively gentle gradient permitted by the height 
of the fill in Snake River canyon, cutting the Palouse scarps by lateral 
planation. During the dissection of the fill, this stream segment be- 
came superposed across the divide, excavating the basalt in part by falls 
recession, lowering the crest of the divide by 400 feet, and then suddenly 
abandoning the superposed course in favor of the easier Washtucna- 
Esquatzel Coulee route, which had been occupied throughout the process 
by another thread of the same proglacial stream. The required presence 
of two or more subparallel threads of current on this fill plain can 
scarcely be brought into serious question, in view of the many parallel 
and closely spaced Palouse-soil “islands” in all parts of the Cheney- 
Palouse tract. The fill in the narrow preglacial segment of Devils Canyon 
was flushed out except near its mouth, where sizable remnants are present 
up to elevations of 1100 feet. 

A Northern Pacific Railway cut, half a mile long, across the entire 
width of the mouth of Devils Canyon, shows cobble gravel and pebble 
gravel with boulders, strongly and uniformly foreset west, down the 
Snake, past the mouth of the tributary. The same material, with the 
same stratification, is well exposed along the south side of the Snake River 
at this point. These sections, representing the lower part of the Snake 
River Canyon fill, show that proglacial flow was not coming down Devils 
Canyon early in the episode of aggradation. 
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PALOUSE CANYON SCABLAND 


The Palouse Canyon scabland, effectively pictured by Bretz (1923b, 
p. 636; 1928a, p. 204; 1928b, p. 452-453) resembles, in its general relations, 
Devils Canyon but differs from it in important respects. The most 
obvious difference is that it carries Palouse River today, having main- 
tained itself as a drainage route throughout the entire episode of fill dis- 
section, instead of having been abandoned during the process, as was 
Devils Canyon. Also, although the deep narrow canyon of Palouse River 
occupies its axis, this canyon is flanked by broad scabland shelves whose 
combined width is about 10 miles. The whole tract is bordered by 
Palouse scarps, whose long profile descends only 15 to 20 feet per mile, 
whereas Palouse River descends more than 50 feet per mile through the 
same distance. This river leaves Washtucna Coulee at Palouse Little 
Falls, at about 1025 feet A.T., descends on a fairly smooth profile (Pl. 10, 
fig. 1) to a point about mid-length of the route (Sec. 30, T. 14 N, R 37 E), 
where, at Palouse Big Falls, it drops 196 feet, from about 625 to about 
625 feet A.T. From this point, it descends on a fairly smooth profile to 
the Snake, which it enters at about 500 feet A.T. Fill remnants are 
numerous on the flanking scabland shelves and in tributary canyons, 
particularly near the mouth of Palouse River. On these facts, it might 
seem that the origin of the Palouse Canyon scabland was identical with 
that of Devils Canyon. But there was no proglacial streamway up the 
Snake to provide a fill in this part of Snake River canyon. Such being 
the case, drainage spilling across the Washtucna Coulee-Snake River 
divide de novo from a rising fill in Washtucna Coulee, would have entered 
a lake caused by the backing up of Lake Lewis into Snake River canyon. 
Lake Lewis would have to have reached nearly its full depth by such a 
time, else the Washtucna Coulee fill, whose rising surface it controlled, 
would not have been high enough to overtop the divide as it did at Devils 
Canyon. In entering the deep ponded water, the overflow would have 
built a large deltaic deposit whose foreset beds would have had an ampli- 
tude of hundreds of feet. 

Nothing of this kind is found in the Palouse Canyon scabland. With 
one exception the numerous exposures in the fill remnants reveal the 
same range of rather thin courses of foreset beds that characterize the 
Cheney-Palouse tract in general. The one exception is a long series of 
Union Pacific Railroad cuts on the south side of the Snake, opposite the 
mouth of Palouse River, and extending upstream for more than 2 miles. 
These expose the basal part of the fill dam of the Riparia Lake, through 
a vertical zone reaching 150 feet above the Snake, and show rubbly 
basaltic cobble gravel with large boulders, too little size-sorted to have 
distinct bedding. It strongly suggests torrential conditions. 
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The character of the fill in the Palouse Canyon scabland is thus at 
variance with the concept of a history analogous with the history of 
Devils Canyon. On the contrary, the stratification of the fill definitely 
records proglacial flow through this scabland, beginning rather early in 
the episode of aggradation, before Lake Lewis had risen sufficiently to 
pond the Snake as far upstream as the mouth of the Palouse. The fill in 
Washtucna Coulee, therefore, could not have been thick at that time, and 
from this it follows that a very low route across the Washtucna Coulee- 
Snake River divide was already in existence, to permit spillover from a 
comparatively thin fill. 

If proglacial flow through Washtucna Coulee were resumed today, 
the streams this time would have to aggrade the valley floor no more 
than 100 feet in order to spill out through Devils Canyon once more 
(Fig. 11), because the former proglacial flow had gone far toward destroy- 
ing the divide. A similar situation at the intake of the Palouse Canyon 
scabland appears to have existed at the outset of the fill episode. In 
other words, the relations of this scabland constitute indirect evidence 
of an earlier glacier advance in the Spokane district, with meltwater flow, 
upbuilding of fill, and gashing of the Washtucna Coulee-Snake River 
divide. Such a fill would not have required an earlier Lake Lewis, as 
will be shown. The coarse rubbly deposit in the base of the Snake River 
canyon fill probably records the torrential beginning of the second (late- 
Glacial) spill of water through the gash. The same deposit, with de- 
creasing grain size and improved size sorting, is traceable far down Snake 
River canyon. The exposures of gravel opposite the mouth of Devils 
Canyon are probably a part of the same deposit. As the long profile of 
the gash was quickly aggraded to a profile of equilibrium, and no more 
basalt could be torn from its floor, sedimentation was continued by more 
leisurely flow, and, as the fill surface rose, basalt was quarried in moderate 
amounts by lateral planation, and any Palouse scarps remaining from the 
inferred earlier flow were cut back to their present positions. 

With the beginning of fill dissection, numerous hanging canyon seg- 
ments parallel with the Palouse Canyon proper were successively cut by 
superposed streams, and abandoned one by one. The most conspicuous 
of these lies in Secs. 7 and 18,T 13 N, R37 E. From this time, also, the 
present Palouse Big Falls must date, although very probably it represents 
merely the retreated position of a falls instituted by the first spillover and 
gashing of the divide. 


CONDITIONS AT THE HEAD OF THE TRACT 


The episodes of fill and dissection, corresponding with the rise and fall 
of Lake Lewis, could have occurred only while glacier ice occupied the 
northern margin of the plateau. As the drift border lies well south of the 
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Ficure 1. PatousE CANYON 
View south, down the canyon from intake at Washtucna Coulee. 


Ficure 2. Devits CANYON 
View south, down canyon from divide near Kahlotus, shewing Palouse scarps in profile. 


Ficure 3. GASHED DIVIDE SOUTH OF KAHLOTUS 
View south, showing head of Devils Canyon proper, and oblique aspect of Palouse scarps. 


DISTRIBUTARY CANYONS ACROSS MAJOR DIVIDES 
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head of the Cheney-Palouse tract (Fig. 8; Flint, 1937, Pl. 5), proglacial 
flow across the plateau occurred not only during the maximum advance of 
the ice, but during the additional time required for the ice margin to 
advance and waste back through 10 to 15 miles. 

The heads of both the Cheney-Palouse tract and the Telford-Crab 
Creek tract are located exactly at strong lobate projections of the drift 
border. This fact argues for the filling and dissection of the scabland 
valleys by meltwater derived immediately from these lobes rather than 
by water derived laterally along the ice front, from a long distance north- 
east, as suggested by Bretz (1930a). Neither the fill nor the erosional 
features of the Cheney-Palouse tract seem to require a proglacial dis- 
charge greater than that attributable to the meltwater normally referable 
to about 650 square miles of glacier surface, the maximum area of this 
ice lobe that lay south of the Spokane River. In my opinion, this dis- 
charge was less than that of the Snake River today. 


AGE RELATIONS AND CORRELATION 
DATE OF THE FILL 


The deposits in the Cheney-Palouse tract were referred by Bretz 
(19238a) to a glaciation which he named the “Spokane”, and held to have 
antedated the latest, or Wisconsin, glaciation of northeastern Washington. 
It has since been argued (Flint, 1937, p. 220) that the “Spokane” drift is, 
in reality, a part of the Wisconsin drift body. If the two are, in fact, of 
identical date, then the proglacial fill is also Wisconsin. The fill, at any 
_rate, is the product of the latest glaciation whose meltwater flowed 
through the Cheney-Palouse tract. 

The soil profile of the fill is skeletal. Ordinarily, it shows a thin and 
weak A horizon, chiefly in overlying loess, and a weak B horizon con- 
sisting of calcium carbonate as crusts on the lower sides of pebbles and 
cobbles, and as partial fillings of the interstices between granules and sand 
grains. Very rarely is this calcareous cement firm. The B horizon is 
characteristically loose and caving, crumbling into its constituent grains 
when tapped with a pick. In a few localities, notably in an area imme- 
diately east of Ritzville, the accumulation forms a firmly cemented zone 
a few inches thick, but this is unusual. In view of the arid to semi-arid 
climate of the region, the evidence of soil profiles must be viewed with 
caution, but probably it is fair to conclude that this profile indicates a 
date of origin relatively late in the Pleistocene. It might be added that 
no significant difference has been observed between the profiles on low 
terrace remnants and those on high terrace remnants, thus indicating 
that the terraces were cut very soon after the building of the fill. 

On various lines of evidence, Allison (1935) judges that the erratic 
stones in Willamette Valley, Oregon, which he rightly considers are of 
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the same date as those associated with the Touchet beds, belong to some 
part of the Wisconsin stage. The evidence consists partly of soil profiles, 
which are of more diagnostic value on the moist Pacific slope than in the 
dry country of eastern Washington. 

Fossils in the fill are not helpful. Fragments of unidentified mam- 
malian bones were found well down in the body of the fill at several 
localities, notably in a pit (SW 14 Sec. 31, T 14 N, R 33 E) in Hardesty 
Coulee, and in a pit (W % Sec. 25, T 9 N, R 30 E) east of Pasco. These 
bones, at any rate, may be secondary in the fill, having been washed out of 
the “Palouse soil”. A pit (NE 4 Sec. 33, T 14 N, R 34 E) in a granule- 
gravel phase of the fill in Sand Hills Coulee, near Kahlotus, yielded nu- 
merous remains, including one tooth of Elephas, but, although the number 
of pieces in close proximity suggests primary derivation, the possibility 
of reworking of material from the “Palouse soil” could not be ruled out. 
The plant fossils from the Touchet beds, which are not diagnostic of date, 
conclude the meager recovery of fossils from the fill. 


EVIDENCE OF EARLIER PROGLACIAL FLOW 


Wallula Gap and Umatilla lowland.—At various places in the Pasco 
basin, the Wallula Gap, and along the Columbia farther downstream, there 
are exposures of a fill, or fills, older than the Touchet beds, and very 
different from them in character. 

The most bulky of these is represented by extensive remnants in en- 
trants off Wallula Gap. On the northwest side of the gap they occur in 
three entrants near Yellepit siding and in the mouth of Spaw Canyon at 
Tomar siding. On the southeast side they occur in Spring Gulch, in a 
small canyon at Juniper siding, and in the mouth of Juniper Canyon. 
The highest measured remnant reaches 880 feet A.T., but one of those 
near Yellepit, not measured, may be 75 feet higher. The range of grain 
size and degree of rounding and stratification are much as in the Cheney- 
Palouse fill. Rounded pebble gravel, angular basaltic granule gravel, 
and quartzose sand are the most conspicuous constituents. In two ex- 
posures the cut-and-fill courses of foreset beds are directed back into the 
tributary canyons. The percentage of foreign stones in the gravel sizes, 
however, is greater than is common in the fill farther north. Some ex- 
posures show as high as 15 percent of nonbasaltic rocks, chiefly quartzites, 
granites, and porphyries. ‘There are three possible sources for such 
stones in this district: the Snake River basin in Idaho, the Cascade 
Mountains tributaries to the Columbia, and the highlands of north- 
eastern Washington (via the proglacial drainage routes on the plateau). 

The same material underlies much of the wide expanse of the Umatilla 
lowland, as noted by Allison (1933, p. 687), reaching an upper limit 
of about 750 feet. The pebbles are firm and bright, but some gravel 
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exposures show a well-developed B horizon, consisting of a firm mass of 
caliche which has converted the zone into an indurated conglomerate. 
This material, as Allison has shown, is unconformably overlain by erratic- 
bearing silt which is identical with the Touchet beds. 

Wallula Gap also carries well-developed scabland channels up to 1100 
feet A.T. (Bretz, 1925, p. 236) which were made by streams presumably 
when the Pasco basin was filled with debris up to at least this elevation. 
The channels may be related to the fill now present, or to a still earlier 
proglacial fill, or to the Ringold formation. If they date from Ringold 
time, they have probably been refreshed by flow during one of the glacial 
stages, because they have a fresher appearance than the channels across 
the crest of Gable Mountain (Flint, 1938). 

This fill, which Allison has reported from still other localities farther 
west down the Columbia, is clearly the work of aggrading streams, and 
must have filled the Pasco basin up to at least 900 feet, and then have 
been largely removed, before the Touchet beds were deposited. The 
great gravel area in the triangle formed by Pasco, White Bluffs, and Cold 
Creek, may be in part a correlative, covered with silt, and later exhumed 
by the post-Lake-Lewis Columbia. 

The presence of nonbasaltic stones in the Pasco basin does not prove 
a glacial origin, for the normal drainage today heads in rocks of the types 
represented by the erratics. On the other hand, a fill of such magnitude 
is, by analogy, probably of glacial origin. The freshness of its compo- 
nent material would suggest that its deposition did not long antedate the 
glaciation whose proglacial fill was related to Lake Lewis. 


Localities in the Pasco basin—A road-cut at 500 feet A.T., near the 
NE cor. Sec. 13, T 8 N, R 29 E, near Kennewick, exposes a body of gravel 
consisting of more than 90 percent basalt fragments, of which about 20 
percent are decomposed. The upper part of the body contains consider- 
ably more caliche than is common in nearby gravel exposures, which are 
probably closely related in time to Lake Lewis. The latter exposures 
also commonly contain more than 50 percent nonbasaltic stones, and the 
basalts in them are fresh and firm. For these reasons, it seems possible 
that the basaltic gravel first mentioned may be a part of an old fill, per- 
haps antedating the fill of Wallula Gap and Umatilla lowland. 

Bretz (1928c, footnote p. 681) mentions an old decomposed gravel 
near Kennewick, only 12 percent basalt, which may be a part of still 
another body. 

A road-cut at 725 feet A.T., in the SW 14 NE ¥Y Sec. 19, T7 N, R 31 E, 
2 miles northwest of the entrance to the Wallula Gap, exposes an angular, 
dominantly basaltic gravel, with subordinate quartzite, rose quartz, and 
chalcedony, imbedded in a firm matrix of caliche and decomposition 
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products of basalt; 75 percent of the basalt and all of the chalcedony is 
rotten. The freshest pieces are firm but have thin weathering rinds. 
No piece is fresh and bright. This material is much more decayed than 
any yet described, but no other evidence of its stratigraphic position has 
been found. 

Bretz (1925, p. 109) refers to remnants of stained, indurated, and 
decomposed stream gravel in an abandoned pre-late-Glacial channel of 
the Snake River opposite Snake River Junction. As the constituents are 
dominantly Snake River stones, it is not clear that the gravel is related 
to a proglacial fill. It may be a normal nonglacial deposit made by the 
Snake River at some time in the past. 


Old Maid Coulee.—A pit at 1050 feet A.T., in the NE 44 NE ¥ Sec. 24, 
T 13 N, R 31 E, on the north slope of Old Maid Coulee just west of 
U. 8. Highway 395, exposes Touchet beds resting unconformably on an 
older deposit through a horizontal distance of nearly 100 feet. The older 


deposit has a B horizon consisting of 3 to 5 feet of calichified silt and — 


firm pure caliche. This horizon is underlain by gravel with subordinate 
sand. The gravel is granule, pebble, and cobble size, with a few boulders 
up to 3 feet in diameter. It is all angular to rounded basalt, except about 
2 percent of the pebbles, which are rounded fragments of greenish chal- 
cedony, vein quartz, caliche, “Palouse soil”, and a single grayish white 
quartzite. The sand includes zones of coarse basaltic fragments and 
other zones of medium to fine quartzose sand, including micas, feldspars, 
and other products of crystalline rocks. The deposit as a whole is strati- 
fied in courses of beds foreset southwest down the coulee. 

Five factors differentiate this deposit from the fill widely present in 
the Cheney-Palouse tract: (1) About 20 percent of the larger basalt pieces 
are decomposed, some of them thoroughly rotten, although degree of 
decomposition bears no relation to position in the deposit; also, all the 
chalcedony pebbles and all the vein-quartz pebbles are stained and crum- 
bling. (2) The coarse average grain size is out of harmony with the fine 
pebble gravel and granule gravel in lower Washtucna Coulee near by. 
(3) The nonbasaltic constituents differ from those of the widespread fill. 
(4) The B horizon is of a wholly different order from that generally 
characterizing the fill. (5) The deposit is overlain unconformably by the 
Touchet beds. 

In consequence, it seems certain that this deposit dates from a time 
earlier than the fill. It might be related to some preglacial fill, such as 
the Ringold formation, but (a) its coarse grain size and (b) its content 
of “Palouse soil” pebbles argue against this. The fact that it was built 
by a southwest-flowing stream, which could have distributed from Wash- 
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tucna Coulee,?? yet contains foreign stones and quartz sand, points to pro- 
glacial flow across the plateau, the relatively high content of decomposed 
basalts suggesting an initial flow which encountered much preglacially 
weathered rock along its course. The development of the B horizon 
indicates a relatively early date of origin. 

With the meager evidence at hand, further inferences are hardly 
justified. The character of the deposit is put on record here as a basis 
of comparison when new exposures become available in the future. 


Summary.—The various remnants discussed indicate that prior to the 
Lake Lewis episode, at least one fill, probably proglacial, was built into 
the Pasco basin. The relations in the Palouse Canyon scabland indicate 
that a part of such a fill was contributed through the Cheney-Palouse 
tract. 

The concept of such earlier fill does not demand an earlier Lake Lewis. 
A rising fluvial fill in the Pasco basin, such as is recorded by the features 
of Wallula Gap, would cause aggradation in the tributary valleys, includ- 
ing that of the pre-late-Glacial Palouse River. None of the existing 
Palouse scarps is referable to an earlier fill, but if the profile of the earlier 
fill were, even though steeper, at even slightly lower elevations than the 
profile of the latest fill, erosion during the latest episode would have 
removed all trace of any earlier scarps. 

Unfortunately, the glacial features at the northern margin of the 
plateau have not as yet yielded unequivocal independent evidence of two, 
or more, glacial stages. There is some evidence that more than one 
glaciation has occurred at the northwestern margin of the plateau (Flint, 
1935, p. 171, 175-176), and along the northeastern margin as well (Flint, 
1937, p. 220), but more evidence over a wider area is needed in order to 
establish the fact. 

POST-FILL FEATURES 

Conspicuous terraces cut from the fill occupy the inside of nearly every 
bend in the lower part of Snake River canyon up to more than 100 feet 
above the river (Pl. 7). These record a slackening in the rate of down- 
cutting by the Snake during the episode of dissection. The most likely 
cause of slackening is the building of a fluvial fill by the Columbia River 
into the Pasco basin following the disappearance of Lake Lewis. This 
may also have been the cause of the failure of the stream in Washtucna 
Coulee to dissect the fill there down to bedrock. The fill beneath the 
present floor of the coulee at Connell is 18u feet thick (Calkins, 1905, 
p. 43). Before more thorough dissection could take place, the glacier 
ice in the Spokane district had wasted back so as to shut off the supply 


22See Connell quadrangle topographic map. 
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of water, thus leaving Washtucna Coulee with a gravel floor as far north- 
east as Hooper. 

Large abandoned channels occur in the Pasco basin fill. One of them, 
12 miles long and more than a mile wide, the work of the Washtucna- 
Esquatzel Coulee stream, leaves Esquatzel Coulee at Eltopia and opens 
into the central part of the Pasco basin in two places, one near Glade 
siding, and one about 3 miles northeast of Pasco. Bedrock is exposed at 
only one point in its floor; it appears to be cut chiefly into the Touchet 
beds. Another, 8 miles long, leaves the Snake near Burbank, and swinging 
east past Humorist siding, opens into the Columbia near the abandoned 
settlement called Two Rivers. It is cut into gravel, sand, and silt, inter- 
preted as an early transition-zone facies of the Touchet beds. 


CHRONOLOGIC SUMMARY AND CONCLUSION 


The order of events inferred from the features of the Cheney-Palouse 
tract and the Pasco basin may be summarized as follows: 

1. Advance of glacier ice lobes across the Spokane-Columbia canyon 
at the northern margin of the plateau, to the divide between drainage 
north to the canyon and drainage south on the plateau. If the Okanogan 
Lobe or the Columbia Lobe (Flint, 1936; 1937) reached the plateau before 
the Little Spokane Lobe, a lake may have been formed in the canyon, and 
an overfiow spill established down the Cheney-Palouse tract, before the 
encroachment of actual glacier ice south of the divide. 

2. Occupation of preglacial valleys and erosion of basalt in them, by 
the meltwater flow. 

3. Rise of Lake Lewis in the Pasco basin, causing aggradation in the 
tributary valleys to form a thick fill, growing vertically upward and also 
headward. 

4. Cutting of Palouse scarps by lateral planation and development of 
lateral distributaries from the principal routes as the streams rose on their 
own fills. Sedimentation in Lake Lewis, progressively overlapping stream 
deposits in the mouths of tributaries. 

5. Draining of Lake Lewis, accompanied by progressive dissection of 
the fill into cut terraces, together with the cutting of more Palouse scarps 
and terraces and the erosion of more basalt, chiefly by stream channels 
superposed from the fill. Offlap deposits built into receding Lake Lewis, 
most of this secondary sediment later eroded and carried off down the 
Columbia. 

6. Backwasting of the glacier ice margin beyond the divide in the 
Spokane district, shutting off the supply of meltwater and causing the 
Cheney-Palouse tract to run dry except for the through drainage of the 
modern Palouse River-lower Snake River system. 
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7. During the whole sequence of events, showers of volcanic ash fell 
at many different times, and the ash was incorporated in the growing fill, 
and in the deposits of Lake Lewis and the Riparia Lake. 

A hypothesis of filling followed by dissection demands no more than 
one glaciation for the general development of such a scabland tract, but 
certain features brought out in this discussion seem to indicate that more 
than one glaciation, with meltwater flow, did, in fact, control the evolution 
of the Cheney-Palouse tract. The key to the latest fill in the tract is 
Lake Lewis. If this water body had not come into existence, temporarily 
providing an abnormally high baselevel, the glacial record in the scabland 
tract probably would have consisted of a thinner fill in the form of a valley 
train, slightly dissected by postglacial streams, instead of a thick fill 
greatly dissected by meltwater streams. Again, if Lake Lewis had main- 
tained its high level until after the withdrawal of the glacier ice from the 
area south of Spokane, the fill would still be essentially nondissected, 
except in Snake River canyon, and would form broad valley floors con- 
trasting little with the adjacent surface of the “Palouse soil.” 
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INTRODUCTION 


The radioactive properties of the waters of Yellowstone National Park 


were first studied in 1906 by Schlundt and Moore (1909). With cali- 
brated field instruments they made a rather complete study of the radio- 


activity of the waters of the Park. 


In the summer of 1936, Schlundt and Breckenridge again determined 
the radioactive properties of these waters, with modern standard instru- 
ments. They were assisted in this work by two graduate students of the 


University of Missouri, Bradley Offutt and Ross Heinrich. 


*Dr. Schlundt died December 30, 1937. 
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The Geological Society of America defrayed the greater portion of the 
expense connected with the field tests of this investigation by means of 
a grant from the Penrose Bequest. The University of Missouri loaned 
most of the scientific apparatus useq in the field tests, and the determina- 
tion of radium present in spring deposits and rock samples was made in 
the chemical laboratories of the University of Missouri. 


SCOPE OF THE INVESTIGATION 


The field tests extended pee § period of almost two months, during 
which time the principal basing of thermal activity were visited. The 
spring waters examined include the different types found in the Park. 
Many springs evolve gases, ayid the radioactivity of several gases from 
representative springs was deyermined. The pH of the spring waters was 
also determined. Due to a broken glass electrode and the time required 
to replace it, the pH deterraination for the springs studied is not com- 
plete. Where the temperature of the springs is recorded, this measure- 
ment was made with a “maximum” thermometer. 


APPARATUS 


The determinations of radioactivity were all made by the electrical 
method. A Wulf que“tz fiber electroscope (Fig. 1) fitted with an ioniza- 
tion chamber of 1175 cc. capacity served for the field measurements of 
both water and gas samples. The circulation method was used for the 
standardization gf the electroscope. The stock solution used for the 
standardizatior’ is known as the University of Missouri Standard and 
was prepared by H. H. Barker (1923, p. 54). One cc. of this stock solu- 
tion contains 7.136 x 10°° grams of radium element, and 20 cc. of this 
solution was diluted to one liter in bottles of about 1050-cc. capacity. 
The samples were de-emanated, and the bottles were sealed and kept 
sealed for a known period of time. 

Results of the determination of the calibration constant are shown in 
Table 1. The calibration constant is expressed in grams of radium neces- 
sary to produce a net drift in the electroscope leaf of one division per 
second. 

Taste 1—Standardizing record of electroscope 


RADIUM PER DIVISION PER 


NuMBER Piace Dats SECOND (GRAMs x 10 ~*) 
1. Yellowstone Park, July 9, 1936....:............e000. 18.5 
2. Yellowstone Park, July 20, 1906................0200% 17.4 
3. Wellowstone Park, July 22, 21.4 
4. Yellowstone Park, August 8, 19382................... 17.0 
5. Columbia, Missouri, June 11, 1936..................- 14.7 


Due to the difference in atmospheric pressure between Columbia, 
Missouri, and the Yellowstone National Park, the value of the calibra- 
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APPARATUS 


Ficure 1—Wulf quartz fiber electroscope 


tion constant obtained in the Park should be higher than that obtained 
in Columbia. According to Lester (1917, p. 225-232) the value of the 
calibration constant should be about 12 percent higher in the Park 
than in Columbia. By adding 12 percent to the value obtained in 
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Columbia, a value of 16.7 x 10° is obtained. The values obtained in 
Yellowstone Park during the summer of 1936 are probably too high. The 
standard solutions were de-emanated and sealed June 30, 1936. During 
the trip to the Park the seals of the bottles were broken and the solutions 
were again de-emanated and resealed. A small portion of the solutions 


PE RAS 


Fiaure 2.—Apparatus for collecting gas samples 


was lost, and this would account for a high calibration constant. For 
calculations of all results in this report, the value of 17 x 10° was taken 
as the constant of the electroscope. 


METHODS OF PROCEDURE 
EXAMINATION OF GASES 


In the Field Laboratory.—For the majority of gas samples, the gas to 
be examined was collected in a storage jar and the radium activity later 
determined in the field laboratory. The method of collecting and storing 
the gas samples is illustrated in Figure 2. The gas was first collected in 
the container (A), an open can of about one liter capacity, to which was 
soldered a small metal tube. (A glass container was sometimes used.) 
The container was connected to the hand bellows (B) by means of rubber 
tubing, and the hand bellows, in turn, was connected to the storage jar 
(C), a glass jar of about two liters capacity. The method of collecting 
the gas was as follows: the storage jar (C) was filled with water and 
then connected with the rest of the system. The gas container (A) was 
then lowered into the spring at a point where the concentration of gas 
bubbles was large, and all the air in the container was replaced by water. 
Gas bubbles from the spring were then allowed to displace the water in 
the container, and when the container was about two-thirds full, the gas 
was pumped into the storage jar by means of the hand bellows. The 
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displaced water was removed at (Z). This process was repeated until 
the storage jar was filled with the gas to be examined. The jar was then 
made air-tight, by closing the screw clamps (EZ) and (D). In some 
springs the majority of the gas bubbles escape in the central part of the 
spring, and in these a pole was attached to the container (A) in order to 
reach the gas. 

The gas samples were measured in the field laboratory about five or 

six hours after they had been collected. Before introducing the gas into 
the electroscope, the natural drift of the electroscope leaf was deter- 
mined. By an aspiration method, the gas to be examined was introduced 
into the ionization chamber at the lower stop-cock, the upper stock-cock 
being open to the atmosphere. Before entering the ionization chamber, 
the gas was dried by passing first through a solution of concentrated 
sulfuric acid, and then a calcium chloride drying tube. All the gas, about 
two liters, was allowed to enter the ionization chamber and allowed to 
stand for three hours, and the net drift of the electroscope leaf was then 
determined. From the net drift and the electroscope constant the radium 
content was calculated. 
’ In order to determine the volume of gas actually retained in the ioniza- 
tion chamber, the following experiment was performed: A known volume 
(100-cc.) of gas from a radioactive spring was introduced into the ioniza- 
tion chamber after the chamber had been partially evacuated. The net 
drift of the electroscope leaf in divisions per second was determined. 
The ionization chamber was then “filled” with the same gas, according 
to the method already described. The net drift of the electroscope leaf 
for this sample was then determined. According to this experiment, it 
was found that the ionization chamber was approximately 75 per cent 
filled with the gas to be examined. As the volume of the ionization 
chamber is 1.175 liters, the actual volume of gas introduced was calcu- 
lated to be 75 per cent of the volume of the chamber, or about 0.88 liter. 
In order to compare these values with those obtained by other investi- 
gators, the volume was corrected to normal temperature and pressure. 
This corrected value is 0.62 liter. 

In calculating the final value for the radium content of the gas samples, 
a correction was made for the decay of radon between the time of col- 
lection and the time of measurement. As this time amounted to about 
six hours, the decay of radon amounted to about 4 per cent. 


In the Field—The method for collecting gas and measuring its radon 
content in the field is illustrated in Figure 3. The gas was collected in 
bottle (A), and introduced into the electroscope (EZ) by means of the 
hand bellows (B), the gas first passing through the bottle (C) containing 
sulfuric acid, and the calcium chloride tube (D). A total volume of 


7 
ie 
ad 
a 
if 
a 
d 
id 
| 


530 SCHLUNDT AND BRECKENRIDGE—RADIOACTIVITY IN YELLOWSTONE 


about two liters of gas was passed through the electroscope. The net 
drift of the electroscope was observed for a period of fifteen minutes. 
The net drift for maximum activity could then be calculated. 


EXAMINATION OF WATER SAMPLES 


The samples of water were collected in one-liter glass-stoppered bottles 
and the measurement of the radium content determined later in the field 


Ficure 3.—Arrangement of apparatus for field measurements 


laboratory. The samples were usually measured within two or three 
hours after they had been collected. In some instances, where the 
samples were collected at a far distance from the field laboratory, seven 
or eight hours elapsed between the time of collection and that of meas- 
urement. The pH of the water was measured by means of a portable 
Coleman apparatus. Both the pH and the radium determinations were 
made at a temperature of approximately 25° C. 

The radium determinations were made by the circulation method. The 
arrangement of the apparatus used in these experiments is shown in 
Figure 4. Stop-cock (A) of the ionization chamber was connected in 
series with a rubber hand bellows (B), the water container (C), a small 
wash bottle (D) containing sulfuric acid, a drying tube (Z) containing 
calcium chloride, and stop-cock (F) of the ionization chamber. By 
operating the hand bellows, air was bubbled through the water sample 
and circulated through the system steadily for five minutes. Readings 
of the drift of the electroscope leaf were then taken and repeated several 
times during a period of fifteen minutes. From the net drift observed 
the net drift at maximum activity could be calculated. In some in- 
stances, the system was allowed to stand for three hours and the net drift 
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at maximum activity observed. From the net drift at maximum activity 
and the electroscope constant the radium content was calculated. 
EXAMINATION OF SOLIDS 


For the determination of the radium content of spring deposits and 
rock samples, the ordinary emanation method was used. The samples 
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Ficure 4—Arrangement of apparatus for measurement of radium content 
of water samples 


were taken into solution by means of hydrochloric acid, or by fusion with 
a mixture of sodium and potassium carbonates, or by a combination of 
these two methods. After the solutions were de-emanated and sealed in 
flasks, they were allowed to stand for a period of several weeks, and the 
emanation was then determined by means of a standardized electroscope. 
This part of the work was done by Paul Erbe in the chemical laboratory 
of the University of Missouri. 


RADIOACTIVITY 
GASES 
The results of the radioactive determinations of the gases studied are 
shown in Table 2. Column 1 gives the name of the source, Column 2 the 
location, and Colusin 3 the radioactive content of the gas, expressed in 
grams of radium x 10° per liter of gas corrected to normal temperature 
and pressure. 
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Taste 2—Radioactivity of Gases in Yellowstone Park 


Rapium EMANATION 


Sourcs LocaTIon RADIUM PER LITER 
(eras x 10 ~*) 
Hor Sprines 
AMPHITHEATER SPRINGS 
10 miles south of Mammoth.............. 44.8 
Norris Geyser Basin 
Allen’s Mud Pots........ East side of road, near Porcelain Basin..... 38.8 
0.4 mile south of Frying Pan.............. 88.2 
North part of 100 Spring Plain............ 38.7 
CLEARWATER SPRINGS 
Syivan Sprinc AREA 
A pool. Area 14 mile southeast of Sylvan Springs 
Monument Geyser Basin 
A small pool. s:.......... Near large yellow 5.7 
TERRACE SPRINGS ; 
Lower GryseR Basin 
Firehole Lake, West side... Firehole Geyser Basin................... 0 
A small spring.......... Northwest of Clepsydra Geyser (Bottle 
partially full 18.6 
A pool. . East side of old road, Firehole Geyser Basin. 5.9 
Uprer Geyser Basin 
“Northeast side of Biscuit Basin............ 166.0 
SHosHone GrysER Basin 
West oF YELLOWSTONE LAKE 
Lake Shore Spring....... Near roadside, 1.3 miles north of West 
Thumb Ranger Station................ 43.4 
YELLOwsTONE River LOcALITIES 
A pool... Near road, Mud Volcano area............. 9.8 
WATERS 


The results of the radioactive determinations of the waters studied are 
shown in Table 3. Column 1 gives the name of the source, Column 2 the 
location, Column 3 the temperature of the spring, Column 4 the pH, 
and Column 5 the radioactive content of the water, expressed in grams 
of radium x 10 per liter of water. 
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Taste 3.—Radioactivity of waters in Yellowstone Park 


TEMPER- 
ATURE 
Source OF PH 
Hor Springs 
1 mile north of Mammoth..... 54 6.6 
Hot River (new outlet) 1 mile north of Mammoth..... 51 6.6 
APOLLINARIS SPRINGS 
10 miles south of Mammoth... _.... 5.2 
AMPHITHEATER SPRINGS ANP ENVIRONS 
Small spring near Amphi- 
theater Springs......... 11 miles south of Mammoth.... 84 1.95 
Amphitheater Spring... ... 11 milessouthof Mammoth.... 1.9 
Small spring near Amphi- 
theater Springs......... 11 milessouthof Mammoth.... .. 2.15 
Spring in area 14 mile eas 
of Amphitheater oe .11 miles south of Mammoth.... 1.55 
Norris Geyser Basin 
2.2 miles north of Norris Junc- 
4 mile south of Frying Pan, 
north side road............. 80 6.15 
Constant Geyser.......... Porcelain Basin..............%... 89 2.88 
Emerald Spring.......... East side road, near Porcelain 
Arsenic Spring........... Porcelain Basin.............. _ 80 2.93 
Allen’s Mud Pots......... East side road, near Porcelain 
ee ee North part of 100 Spring Plain. 3 3.38 
North part of 100 Spring Plain. .. 
A yellow pool............ North part of 100 Spring Plain. 59 
North part of 100 Spring Plain. .. 
CLEARWATER SPRINGS 
Iron SPRINGS 
Near Gibbon Falls............ 
Sytvan Sprincs AREA 
Evening Primrose......... Sylvan Springs area........... 
Sylvan Springs area........... 
A small pool, north area...Sylvan Springs area........... 


A pool in southeast area...14 mile southeast of Sylvan 


Springs 
A pool in northwest area... 4 . mile southeast of Sylvan 


SPRING 
About 5 miles south of Norris 


MonvuMENT GeysER Basin 
pee Central part of area.......... 
A small yellow pool....... Central part of area.......... 
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Rapium 
PER LITER 
OF WATER 
(GRAMS 
x 107") 
None 
None 
172 
161 
166 : 
39.7 
15.7 
| 39.7 
| None 
11.5 
29.8 
41.1 
264 
30.0 
47.9 
57.0 
373 
None 
None 
105 
62.5 
3.7 
wee 
| 24.8 
27.5 
62.0 
| 72 5.47 233 
82 6.33 69.1 
6.97 118 
82 89.7 
a 
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TEMPER- 
ATURE 
Source LocaTIon oF 
TeRRACE SPRINGS 
Middle Spring............ Terrace Springs.............. 60 
Small spring below Middle 
Lower Basin 
Caliente Pool............ Firehole Geyser Basin......... 94 
Pool near Goose Lake..... Firehcle Geyser Basin......... os 
Bead Spring............. Firehole Geyser Basin......... <5 
Steady Geyser............ Firehole Geyser Basin......... 93 
Firehole Geyser Basin........ 92 
Near Clepsydra Geyser........ 94 
A pool on east side road. . Firehole Geyser Basin........ 60 
GEYSER BASIN 
Excelsior crater... .Excelsior Geyser Basin........ 90.5 
Excelsior Geyser Basin........ 54 
Geyser Basin 
In far northeast corner of Biscuit 
Jewell Geyser............ Biscuit Basin................ 82.5 
A small spring............ Gotan Pool... 55 
Punchbowl Spring. ....... Black Sand Basin............ 
Spasmodic Geyser. sia 
SHosHONE GEYSER Basin 
Near shelter cabin............ 92 
West THums or YELLOWSTONE 
Lake Shore Spring........ Near roadside, 1.3 miles north of 
West Thumb Ranger Station. 
Near the last, 200 feet from 
road, 1.3 miles north of West 
Thumb Ranger Station...... 
YELLowsTONE River 
Dragon’s Mouth.......... Mud Volcano area............- 
A pool near road......... Mud Volcano area............ 
Foot of Lower Falls, Yellow- 
ud pot area, Violet Springs. . 
DOL, N end of Violet Springs 


$688! 


7.21 
5.48 


2.33 
1.99 


Rapium 
PER LITER 
OF WATER 


(GRAMS 
x 10-2) 
11.5 


None 


0 
29.0 
1226 
162 
275 
7.95 4624 

8.04 142 
8.34 24.3 
84.0 
83.4 
225 
201 
182 
56.2 
445 
17.0 
78.5 
17.0 

23.8 

41.6 
45.0 
ite A spring.................Near Devil’s Ink Pot, Wash- 
burn Springs area........... 
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SOLIDS 


The results of the radioactive determinations of the solids collected 
are shown in Table 4. Column 1 gives the source, Column 2 the locality, 
Column 3 the weight of sample taken for analysis, and Column 4 the 
amount of radium expressed in grams of radium x 10” per gram of solid. 
In addition to the solid specimens collected during the summer of 1936, 
Table 4 includes several samples collected by Herman Schlundt in 1932 
and analyzed by him in 1933. In Table 4, the latter samples are indi- 
cated by an asterisk. 


Taste 4.—Radioactivity of spring deposits and rock samples 


Weient Rapivum 
OF PER 
Source SAMPLE GRAM 
IN GRAMS 
Grams x 107) 
Mammors Hor Sprincs 


re Jupiter Terrace.............. 25 7.0 
Old deposit, exposed terrace........ ess 100 0.3 
Excavation in old travertine. ...... Near Main Terrace........... 75 6.9 
Travertine deposit*............... Jupiter Terrace.............. 100 12.3 
Iron-bearing deposit*.............. Mammoth Hot Springs........ 100 1 Pg 
Travertine deposit*............... Mammoth Hot Springs........ 100 3.7 
Liberty Cone—compact 100 2.1 
Terrace Mountain*............... Western boundary of Mammoth 
Deposit, outlet Hot River......... 1 mile north of Mammoth..... 25 12.3 
Excavation in old travertine in 
Norris Basin 
Allene Mad POU East side of road near Porcelain 
CLEARWATER SPRINGS 
Deposit near small pool........... Clearwater Springs........... 10 24.1 
Monument Geyser Basin 
Monument Geyser Basin...... 25 0.3 
WOItE GepOBit... Monument Geyser Basin...... 25 15.0 
Lower GrysrerR Basin 
Surprise Pool deposit.............. Lower Geyser Basin.......... 25 0.6 
Black Warrior, spring deposit...... Firehole Geyser Basin......... 10 44.3 
Old Terrace above Firehole Lake... ..........csccsccecesseceees 25 0.7 
SHosHonEe Gryser Basin 
Travertine deposit of deep pool..... Near shelter cabin............ 25 0.8 


AT THERMOPOLIS, WYOMING 


During the summer of 1936, the writers also visited Thermopolis, 
Wyoming, to measure the radioactivity of the hot springs there. In gen- 
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eral, the activity of the gases, waters, and rock samples was small. Even 
Big Spring and the recent deposits around Big Spring showed little 
activity. Table 5 gives the results of the radioactivity of gases at 
Thermopolis, Table 6, the results of the radioactivity of waters at 
Thermopolis, and Table 7, the radioactivity of spring deposits and rock 
samples at Thermopolis. 


TasLe 5.—Radioactivity of gases at Thermopolis, Wyoming 
RaDIUM EMANATION 


Source Location RADIUM PER LITER 
(arams x 10~*) 


Tasie 6.—Radioactivity of waters at Thermopolis, Wyoming 


Raproum 
TEMPER- PER LITER 
Source LocaTIon ATURE PH OF WATER 
(GRAMS 
Cc. 
Artesian Well............ 15 miles north of 54.0 


Taste 7—Radioactivity of spring deposits and rock samples, Thermopolis, Wyoming 


Weicut Rapium 


OF PER 
Source LocauiTy SAMPLE GRAM 
IN (GRAMS 
x 10-12) 
Travertine, White Sulfur Springs. . .14 mile north of Big Spring. . 25 5.4 
Travertine on Terence... 75 21 
Travertine, 50 feet below surface. . ig Spring, in sink north of — 
Chugwater, on east side of Traver- 

Travertine on twigs......:........ 25 14 
Travertine, 100 feet above spring... Big 50 
Travertine, 600 feet above spring... Big Spring................... 25 3.5 
Travertine, in hill across Big Horn. 


It would be of interest to compare the radioactive content of the waters 
of Yellowstone Park with that of waters from other parts of the world. 
From the numerous quantitative data, a few values have been selected 
and arranged in Table 7. Column 1 gives the source of the water, 
Column 2 the temperature, and Column 3 the value of the radioactive 
content, expressed in grams x 10° per liter of water. The data in Table 
7, other than those for Yellowstone Park, have been taken from the 
International Critical Tables. 
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TaBLe 7.—Radioactivity of waters from different parts of the world 


RADIOACTIVE CONTENT, 


Source TEMPERATURE PER LITER OF WATER 
(GRAMS OF RADIUM x 10 ~*) 


A pool in Biscuit Basin, Yellowstone Park. .... 87 46.2 
A pool near Cle —— Geyser, Yellowstone Park. 94 12.3 
Hot River, Yellowstone Park................. 54 Ys 
Imperial Spring, Hot Springs, Arkansas....... 61 9.03 
Upper Hot Springs, Banff, Alberta, Canada. . 46 0.22 
Johannesbad, near Vienna, ettela..........<- 30 6.8 
Grabenbacker — Gastein, Austria........ 36 55.5 
Tounelet, Spa, Belgium..................... 2.58 
Bordue (Grand Source), Luchon, France....... 43 134.8 
Marquelle, Baden-Baden, Schwartzwald region, 

Old Benen Spring, Lacco Ameno, Ischia, _— 57 152.5 
Hot Spring, Kaira District, Bombay, India. . 67 33.0 to 62.1 
Kami-no-yu, Misasa, Japan ................. 71 51.69 
Wakazaki-no-yu No. 1, Wakura, Japan........ 93 2.52 
Louise, A. Hammam Bou Hadjar, Algeria... .. 44 22.4 


Table 7 shows that with a few exceptions the quantity of radium 
emanation in springs from various sources throughout the world is of the 
same order of magnitude as that found in Yellowstone Park. 


SUMMARY AND CONCLUSIONS 


In all, the radium content was determined for 77 water samples, 20 gas 
samples, and 16 samples of spring deposits and rocks. In addition, a 
number of residues analyzed by Herman Schlundt in 1933 are included. 
‘The results of radium measurements of several gases, waters, and residues 
from Thermopolis, Wyoming, are also included in this report. 

In general, the values obtained in 1936 agree with those obtained by 
Schlundt and Moore in 1906. Due to the shifting position of the springs, 
it was very difficult in 1936 to obtain samples from sources identical with 
those of 1906. However, in those instances, where it is reasonable to 
assume approximately the same position for the spring, the values of 
1936 agree fairly well with those of 1906. For example, the 1936 value 
of Hot River showed a radium content of 172 x 10 grams per liter, 
compared with the 161 x 10% grams per liter value of 1906. For 
Apollinaris Spring the 1936 value of 166 x 10“! compares favorably with 
the 1906 value of 121 x 10°". For Middle Spring at Terrace Springs the 

1936 value of 11.5 x 10° compares favorably with the 1906 value of 
9.2 x 10. 

Considered as a whole, the springs and geysers of the Upper Geyser 
Basin, the most active in the Park, show more radioactivity than those 
of other locations in Yellowstone Park. The highest values were ob- 
tained here, but the variation from point to point is very erratic. No 
correlation could be found between the radioactivity and the surface 
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temperature of the spring. Neither could any relation be found between 
radioactivity and the acidity of the waters. In other Park localities, 
also, is found the same lack of relationship between radioactivity and 
temperature or acidity. These conclusions are in accord with those of 
Schlundt and Moore (1909, p. 30). 

Although the amount of radioactivity in the spring waters of the Park 
is low, the amount is strikingly large for a long period of time. For 
example, the radioactive content of Hot River amounts to only 172 x 10 
grams of radium equivalent per liter of water. However, by using the 
value of Allen and Day (1935) for the total discharge of Hot River, 
it can be shown that 33.9 grams of radium equivalent are discharged by 
Hot River during one year. Of course, most of the radioactivity of the 
water is due to radon and not to radium. The amount of radium dis- 
charged by Hot River in one year was calculated to be about 90 milli- 
grams. 
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INTRODUCTION 


Neocomian faunas were first recognized in Mexico by Carlos Burck- 
hardt (1906, p. 183-191; 1912, p. 172-195, pl. 41-46) at the beginning of 
the present century and were briefly described in two monographs deal- 
ing principally with Jurassic faunas. The most important contribution 
to the systematic paleontology of Neocomian faunas of Mexico was made 
by Emil Bése (1928a, p. 19-29, 69-118), who recognized several subdi- 
visions of the Neocomian. In subsequent papers (1923b, p. 209-211, 331; 
Bose and Cavins, 1927, p. 17-19, 57-58, 81) he discussed the stratigraphy 
and distribution of the Neocomian strata. A summary of all work done 
on the Neocomian of Mexico is included by Burckhardt (1930) in his 
last monumental work. 

In studying the geology of the Sierra de Parras of southern Coahuila 
in 1934 and 1935, the writer recognized the Taraises formation as a dis- 
tinct limestone formation lying between clastic beds of Upper Jurassic 
and upper Neocomian age. Its lithologic characteristics and the omni- 
present ammonite Olcostephanus made it the key formation in unravel- 
ing the stratigraphy of Lower Cretaceous and Upper Jurassic strata of 
the Sierra de Parras. Because of the position of the Taraises formation 
at, the base of the Cretaceous section and because of its large and widely 
distributed fauna, an intensive study of the fauna is essential to a knowl- 
edge of the Mesozoic stratigraphy of Mexico. Preliminary to the labora- 
tory study of the fauna, the writer visited several type localities of Bose 
and Burckhardt in northern Mexico, re-measured their sections, and made 
collections of type material described by them. As a result the writer was 
able to recognize the stratigraphic divisions of the Taraises formation 
over a large area, to add information to some of the described sections, 
to recognize the formation in areas where it is poorly exposed, and to 
correlate his work with that of Bése and Burckhardt. This paper shows 
that the Taraises formation maintains a remarkably similar lithology 
over a wide area in Mexico, that it contains a large and distinct fauna, 
and that, in areas where Jurassic and Cretaceous rocks are exposed, its 
determination is essential to unraveling the stratigraphy and structure. 
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Ficure 1—Neocomian paleogeography of Mexico 


STRATIGRAPHY AND DISTRIBUTION 


The Taraises formation is a limestone and marl facies with a large 
cephalopod fauna of Neocomian (Berriasian to Lower Hauterivian) age. 
Its northern boundary (Fig. 1) may be defined roughly by a line passing 
a short distance southeast of San Pedro del Gallo, Durango, and thence 
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eastward just north of the Sierras de Jimulco and Parras, Coahuila. The 
eastern boundary extends southward from the region of Monterrey at 
least as far as southern Nuevo Ledn. Its western and southern bounda- 
ries are unknown. The formation may extend far to the south, as Burck- 
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(2000 
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I 
== __ 
La Cesite Le Casita [—-——-—| 
formation formation 
La Glorie -[— Le Gloria Lt 
formation |. — formation 


Ficure 2.—Stratigraphic sections of the Taraises formation 


hardt (1930, p. 162) records a similar facies with cephalopods near the 
city of Oaxaca in southern Mexico. It seems likely that the formation 
will be found to be co-extensive with the open-water deposits of the lower 
Neocomian sea and to extend far to the northwest and south of its known 
outcrops. Along its eastern and northern boundaries the Taraises forma- 
tion merges into a much thicker facies of interbedded calcareous and 
clastic sediments, which contains, principally, bivalves with some cephalo- 
pods, and which was deposited in a rather narrow zone around the land 
masses of Lower Neocomian time. 

The Taraises formation of northern Mexico comprises two members 
(Fig. 2) which are distinct lithologically and faunally over a large area. 
The contact between the two members, however, is gradational through 
a transitional zone a few feet thick in the Sierra de Parras and through 
a larger interval farther south. The deposits of northern Zacatecas were 
formed at considerable distance from shore but differ only slightly from 
the nearer-shore deposits of the Sierra de Parras, Coahuila, and of the 
Sierra Madre Oriental south of Monterrey, Nuevo Leén, in being some- 
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what thicker bedded and less marly. The thickness, lithologic divisions, 
and stratigraphic relations of the Taraises formation are shown on 
Table 1. 

The lower member consists of compact, brittle, dark- to medium-gray 
limestones which are thick- to thin-bedded. Many of the beds are sepa- 
rated by marly partings. They weather medium- to light-gray, in places 
are tinged with yellow, and are more resistant to erosion than are the 
overlying limestones. A few pyrite concretions occur in some places. The 
contact with underlying Jurassic rocks is sharp at all !calities observed 
by the writer but probably is unconformable only near the old land 
masses, such as those in the northern part of the Sierra de Parras and 
in certain localities in the Sierra Madre Oriental (Bése, 1923b, p. 130- 
131, 196-209) southeast of Saltillo and near Miquihuana, Tamaulipas. 

The upper member of the Taraises formation consists of thin- to me- 
dium-bedded limestones and marls. The latter weather characteristically 
into nodular and splintery fragments. Most fresh surfaces are dark- 
gray, but some are medium- to light-gray. The weathered surfaces are 
light-gray, light yellowish gray, and cream-colored. The yellowish tints 
are most common in the nearer-shore deposits, such as those in the Sierra 
Jimulco, northern part of the Sierra de Parras, and in the region of San 
Pedro del Gallo, Durango. In the western part of the Sierra de Parras 
the highest strata of the formation contain a few thin beds of fine-grained 
yellow sandstone which is similar to the sandstones in the overlying Las 
Vigas formation and indicates interfingering of the neritic (Las Vigas) 
facies with the bathyal (Taraises) facies. 

The Taraises formation is overlain by sandstones and shales (Las 
Vigas formation) in the western part of the Sierra de Parras and in the 
Sierra de Jimulco. At San Pedro del Gallo the overlying beds consist of 
interbedded limestones, marl, and shale which weather to form topo- 
graphic depressions. In the Sierra del Chivo near Symon, the Taraises 
formation is overlain by about 295 feet of thick- to thin-bedded lime- 
stones alternating with marls which are probably equivalent to the Las 
Vigas formation but represent a different facies. In the middle part of 
the Sierra de Parras and in areas to the south and east, the Taraises for- 
mation, where observed, is overlain by compact, gray, thick- to thin- 
bedded limestone (Cupido limestone), which locally contains minor 
amounts of marl and shale. 


PALEOGEOGRAPHIC RELATIONSHIPS 


Burckhardt (1930, p. 164) has pointed out that at the beginning of 
the Neocomian the sea occupying the Mexican geosyncline transgressed 
the bordering lands in many places. Toward the north, in Coahuila 
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(southeast of Cuatro Cienegas) and Chihuahua (Conchos Valley), Neo- 
comian marine sediments were deposited on arkosic sediments of Upper 
Jurassic age. Toward the east, along the Sierra Madre Oriental (Miqui- 
huana region), the lower Neocomian sea overlapped a land area that 
showed exposures of red beds or other old rocks. During the Neocomian 
the sea deepened in central and eastern Mexico, as indicated by the depo- 
sition of rather pure limestone in the east and, according to Burckhardt, 
receded at about the same time from the land area on the north, as indi- 
cated by the southward spread of clastic sediments from the north. 

The picture as described by Burckhardt seems to be essentially correct. 
The marine deposits of Berriasian and Valanginian time were formed in 
a transgressive sea which spread northward around the Coahuila Penin- 
sula to Texas. The seas were fairly clear, as indicated by the character- 
istics of the gray limestone of the lower member of the Taraises forma- 
tion. Locally, a basal sandstone was formed, as in the western part of 
the Sierra de Parras (Imlay, 1936, p. 1145, pl. 7) and in the Miqui- 
huana region (Burckhardt, 1930, p. 156). 

Burckhardt notes that the region of Miquihuana probably formed an 
island during the Upper Jurassic. A similar, although smaller, land mass 
(Boése and Cavins, 1927, p. 81) probably existed during lower Neocomian 
time, as shown by the presence of minor amounts of clastic sediment in 
the lower Neocomian section of the Miquihuana and the San Lazaro re- 
gions,’ about 16 miles to the northwest, as well as in the Galeana region 
(Bose and Cavins, 1927, p. 57), about 90 miles to the north. However, 
a short distance to the east of these areas are marine sediments of earliest 
Cretaceous age, as Burckhardt (1930, p. 95) has recorded fossils of Ber- 
riasian age from Chocoy well no. 2 near Tampico, and Hegwein (Burck- 
hardt, 1930, p. 266; Kellum, 1937, p. 84) found a specimen of Octagoni- 
ceras, also indicating Berriasian age, in the Sierra San Carlos of Tamau- 
lipas. 

Near the beginning of the Hauterivian, climatic or perhaps physio- 
graphic changes on the land mass to the north caused large quantities 
of coarse sediments to be deposited in the seas to the south. Muds bear- 
ing much iron oxide were carried far from shore and formed yellow 
limy and ferruginous sediments at the top of the Taraises formation, 
which contrast markedly with the compact gray limestones of the lower 
member of the formation. 

Coarse clastic sediments of upper Neocomian age, indicating the prox- 
imity of the shore line, have been found at Torcer, Texas, in the Conchos 
Valley of Chihuahua, near Cuatro Ciengas in central Coahuila. Similar 
sediments of Neocomian age may exist in northern Coahuila. It is re- 


1Information received from C. L. Baker. 


. 
iff 
if] 
q 


546 R. W. IMLAY—AMMONITES OF THE TARAISES FORMATION 


ported that the Ohio-Mexican Oil Company’s Zambrano well No. 1, 
about 45 miles northwest of Del Rio, Texas, on the northwest continua- 
tion of the Chittem anticline, started at the top of the Georgetown-Ed- 
wards limestone and, at 3200 feet, entered arkose which it penetrated for 
more than 1300 feet (Adkins, 1932, p. 292). These localities are close to 
the margin of the Coahuila Peninsula (Kellum, Imlay, and Kane, 1936, 
p. 978-980). 

FOSSILS 

LOCALITIES 


Sierra de Parras—The position of the fossil localities in the Sierra de 
Parras are indicated in published papers (Imlay, 1936, fig. 3; 1937, fig. 
3). A more detailed description will be given of these and other localities 
mentioned in this paper. 

Locatity 8 (described by Imlay, 1936, p. 1112) is on the west side of 
Cafién de Las Vacas, about 4 miles southeast of Rancho La Peifia. 

Locauity 10: Exposures of the upper member near head of Cafién Par- 
ritas. 

Locatity 12: At head of Cafién Taraises, on hill immediately west of 
the dwellings of Rancho Taraises (Imlay, 1936, p. 1111). 

Locauity 14: Near base of north slope of Sierra de Taraises, about 214 
miles east-southeast of Rancho La Pejfia. Collections were made from 
lower part of upper member. 

Locatity 18: Lower part of south slope of Sierra de la Gloria (Imlay, 
1937, p. 605) about 114 miles southeast of Rancho San Marcos. Pyritic 
fossils were collected from the lower part of the upper member. 

Locauity 20: North slope of Sierra de San Angel, about 300 feet from 
crest of ridge, on trail from Rancho Victoria to Rancho Santa Anita. 
Fossils were collected from the middle and the upper beds of the upper 
member of the Taraises formation. 

Locauity 42: About 214 miles south of Rancho Notillas, on trail on 
south slope of Sierra Garambullo. Fossils found near top of upper mem- 
ber. 
Locauity 44 is in Cafién del Organo, about a quarter of a mile west of 
road to Rancho La Casita. Fossils collected about 100 feet from top of 
upper member. 

Locauity 50 is at the big spring, one mile northwest of Rancho La 
Casita. Fossils collected from lower part of the upper member. 

Locauity 52 is a quarter of a mile west of Cafién de la Casita and 1200 
feet northwest of a big spring. Fossils collected from basal beds of the 
lower member. 

Locauity 55 is in Cafién del Organo, about 2 miles west of Cafién de la 
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Casita. Fossils collected from upper beds of lower member and from 
upper member. 

Locaity 56 is on the lower part of the north slope of Cafién del Or- 
gano, about 2 miles west of Rancho La Casita. Fossils collected from 
lower part of upper member. 

Locauity 58 is on the east wall of Cafién de La Casita, about half a 
mile east-northeast of the northernmost houses. Fossils gathered from 
lower part of the upper member. 


Sierra de Jimulco.—Collections were made from the upper member of 
the Taraises formation along the south side of Cafién del Alamo S. 18° W. 
of Puerto Santiago (for location, see Kellum (1932, fig. 5). 

A small collection was made from the upper member of the Taraises 
formation, about a quarter of a mile from the east end of Cafién de San 
Pedro, a deep canyon extending from Las Boquillas eastward to the edge 
of the mountains about one mile north of the mouth of Cafién de la 
Vibora. 


Sierra del Chivo.—About 21% miles east of Symén, Zacatecas, a spur 
projects southward from the main range of hills and rises to a rather 
prominent hill which is capped with the Taraises formation and on its 
south flank exposes a fairly complete section of upper Jurassic shale and 
limestone. Fossils were obtained from both the lower and the upper 
members of the Taraises formation. 


STATE OF PRESERVATION 


The fossils of the Taraises formation are preserved principally as in- 
ternal molds of calcium carbonate and pyrite. Rarely is there any trace 
of the original shell. Pyritized fossils are common in the lower part of 
the upper member, but are more or less altered to limonite; few are well 
preserved. Many pyritized specimens represent only the internal whorls 
of larger specimens, and none shows the body chamber. They occur 
commonly in the marly beds; whereas the calcareous fossils occur most 
commonly in the thin-bedded limestones. The calcareous fossils have all 
been somewhat distorted by earth movements. In contrast, the pyritized 
fossils have not been distorted from their normal shape, but certain por- 
tions of the shell have been broken or mashed, as might have occurred 
during burial. This suggests that pyritization occurred before the beds 
were folded and that the pyritized specimens were sufficiently strong to 
resist the stresses which distorted the calcareous specimens. 


ENVIRONMENT 


Ammonites constitute the dominant faunal element in the Taraises for- 
mation. A small assemblage of echinoids, brachiopods, pelecypods, and 
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gastropods constitute less than one per cent of the entire fauna. The 
predominance of ammonites probably signifies fairly clear seas and bot- 
tom conditions unfavorable for littoral organisms. The sea was probably 
not very deep, as indicated by intercalations of shaly ana marly beds, 
and perhaps by the high degree of ornamentation exhibited by the ammo- 
nites (Burckhardt, 1930, p. 135). Pyrite concretions and pyritized fos- 
sils may indicate locally stagnant waters. The yellowish color of the 
upper member, together with other criteria mentioned by Burckhardt 
(1930, p. 165) suggests an arid climate on the land areas to the north. 


BIOLOGICAL ANALYSIS 

In Table 2 are listed the 59 ammonite species described in this paper. 
Six species are from the lower member of the Taraises formation; the 
remainder are from the upper member. These do not include species 
previously described (Bose, 1923a, p. 69-102, pls. 1-6; Burckhardt, 1912, 
p. 172-195, pls. 41-46) from the Taraises formation, unless information 
of value has been added. In addition to the species described, the Uni- 
versity of Michigan collections contain nearly half as many new species, 
whose preservation is too poor to merit description. 

The Oleostephanidae are represented by at least 4 and perhaps 6 gen- 
era, of which 3 are defined herein, and includes 28 described species. 
Dichotomites is probably represented by one species in the upper member 
and by several fragments from the upper part of the lower member. Ce- 
ratotuberculus Imlay, n. gen., probably belongs in this family. Valangi- 
nites is poorly represented from the lowest bed of the upper member and 
from the lower member. Olcostephanus, Maderia Imlay, n. gen., and 
Mezicanoceras Imlay, n. gen., are well represented in species and in num- 
ber of specimens. 

The Holcodiscidae include two species of Spitidiscus. The suture line 
of Saynoceras americanum Imlay, n. sp., indicates a position near this 
family. 

The Neocomitidae are represented by 8 genera and 23 species. Acan- 
thodiscus and Distoloceras are best represented by individuals and spe- 
cies, but Leopoldia and Neocomites are fairly common. Kilianella oc- 
curs rarely in the lower part of the upper member, but fragments are 
rather common in the lower member. Bochianites occurs in the lower 
member but is much more abundant in the upper member, where some 
beds consist principally of its remains. Some neocomitids, probably 
Acanthodiscus and Leopoldia, attain gigantic size, one internal mold hav- 
ing a maximum diameter of 2 feet. 

The Berriasellidae are rather poorly represented in the lowest beds of 
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TaBLE 2.—Distribution of fossils of the Taraises formation 
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the lower member at a few localities, although the underlying Jurassic 
beds contain them in great profusion. The Desmoceratidae are repre- 
sented in the upper member by two specimens, of which one belongs 
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to Neolissoceras and the other is too poorly preserved to determine. The 
Hemihoplitidae are possibly represented by one specimen from the highest 
beds of the upper member. The Phylloceratidae are represented by one 
specimen. 

CORRELATION 

Lower member of the Taraises formation.—Fossils are scarce in the 
lower member of the Taraises formation. In the more soutliern localities 
studied (Sierra de la Caja, Sierra del Chivo, San Pedro del Gallo) it con- 
tains fossils which indicate both Berriasian and Valanginian ages. To the 
north, in the Sierra de Parras, the presence of Olcostephanus in the lowest 
beds suggests an age not older than the Valanginian. In the western part 
of the Sierra de Parras a disconformity at the base of the Taraises forma- 
tion is suggested by the carbonaceous character of the underlying shales, 
and farther east the disconformity is indicated by a Kimmeridgian fauna 
in the upper part of the shales near the base of the Taraises limestones. 
It seems that the sea occupying the Mexican geosyncline was somewhat 
restricted at the end of the Jurassic but that, in the middle of the trough, 
sedimentation continued into the Cretaceous. The early Cretaceous 
transgression was probably rapid, as shown by a sharp change in the 
character of the sediments, but, locally, beds of Berriasian age are missing. 

At San Pedro del Gallo, fossils have been found in the lower member 
only in the basal 120 feet of shaly to thin-bedded limestone. In the lower- 
most bed of this unit, which lies directly upon the Jurassic, Burckhardt 
(1910, p. 322-324) found a faunule containing the genera Spiticeras, 
Berriasella, Acanthodiscus, and Neocomites. The presence of the first- 
two-mentioned genera shows a Berriasian age. The same limestone unit 
outcrops over much of Cerro del Panteon immediately west of San Pedro 
del Gallo. On this hill about 600 feet west of the graveyard the writer 
collected some specimens which include Kilianella, Bochianites?, and an 
olcostephanid, probably Olcostephanus. These forms suggest a Valan- 
ginian age. 

On the Sierrita del Chivo near Symon, Zacatecas, Bose found the genus 
Spiticeras in the upper part of the lower 130 feet of limestone at the base 
of the Cretaceous section. The writer collected specimens of Kilianella 
(Pl. 15, fig. 11), Valanginites (PI. 2, fig. 7), and Berriasella (PI. 5, fig. 3) 
from these same beds, which appear, therefore, to represent both the 
Berriasian and the Valanginian. 

In the Sierra de Parras, careful search at almost any locality where the 
lower member is exposed will disclose some fragments of olcostephanids, 
most of which probably belong to Olcostephanus. At locality 55 in Cafién 
del Organo, some fossils obtained from the upper beds of the lower 
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member include Kilianella and Dichotomites?. From the basal bed at 
locality 52 in Cafién de la Casita were obtained fragments of Olcoste- 
phanus and Neocomites?. At locality 8 in Cafién de las Vacas, frag- 
mentary specimens, collected in the lower 100 feet, are referred to the 
genera Dichotomites?, Thurmannites, Acanthodiscus, Olcostephanus? 
(Pl. 2, fig. 9), and Hoplitides? (PI. 12, figs. 9,10). About 140 feet from 
the base was collected Olcostephanus coahuilensis Imlay, n. sp. These 
fossils might indicate either a Valanginian or a lower Hauterivian age, 
but certainly do not indicate a Berriasian age. As the fossil assemblage 
of the overlying upper member of the Taraises formation indicates a 
lower Hauterivian age, most of the lower member is certainly Valan- 
ginian. As the fossil evidence for the age of the lowermost beds in the 
Sierra de Parras is not conclusive, the Berriasian may be represented at 
some localities. 


Upper member of the Taraises formation—Fossils are plentiful in the 
upper member of the Taraises formation, especially in its lower part. 
Most of the new species described in this paper are from the lower part 
of the upper member and belong to the genera Olcostephanus, Valan- 
ginites, Maderia Imlay, n.gen., Mexicanoceras Imlay, n.gen., Cerato- 
tuberculus Imlay, n.gen., Spitidiscus, Saynoceras, Acanthodiscus, Disto- 
loceras, Neocomites, Leopoldia, Thurmannites, Kilianella, Bochianites, 
and Neolissoceras. The three newly defined genera, and also Saynoceras, 
Spitidiscus, Neolissoceras, and Leopoldia, have been found only in the 
lower part of the upper member. Olcostephanus, Valanginites, Neocom- 
ites, Thurmannites, Kilianella, and Bochianites occur likewise in the 
lower member. The upper part of the upper member is not as rich in 
genera or species as the lower part but contains many fragments of Olcos- 
tephanus and Distoloceras. In the highest beds at locality 20 were found 
O. raricostatus Bése), O. n.sp. ind., Distoloceras ef. D. irregulare Imlay, 
Bochianites sp., Thurmannites sp., and Hemihoplites? sp. O. raricostatus 
is particularly common near the middle of the upper member. 

The beds comprising the upper member of the Taraises formation were 
considered by Bése and Burckhardt (1930, p. 126-129) to belong to the 
Valanginian, although the discovery of Leopoldia? near Rancho Guaponal, 
Nuevo Leén, led Burckhardt (1930, p. 142) to consider the possibility 
of their age being Hauterivian. Spath (1930, p. 59), commenting on the 
section in the Sierra del Chivo, near Symon, given by Bése (1923a, 
p. 20-24, chart opposite p. 40), suggested that the Hauterivian probably 
began in the middle of the beds with “Astieria” astieriformis Bose. None 
of the genera in the lower part of the upper member is known to be re- 
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stricted to the lower Hauterivian, but, for reasons to be given hereinafter, 
the writer believes these beds are definitely of lower Hauterivian age. 

The genus Olcostephanus attains its maximum development in upper- 
most Valanginian and lowermost Hauterivian (Spath, 1924, p. 83). It is, 
therefore, only of general value in determining the age of formations. A 
much better horizon marker is Rogersites, which is closely related to 
Olcostephanus and is characteristic of the upper Valanginian, according 
to Spath (1924, p. 86, table 3). In the San Lazaro region of southern 
Nuevo Leén the Neocomian section contains Rogersites, richly repre- 
sented in individuals and species. If the horizon represented by Roger- 
sites occurs in the richly fossiliferous upper member of the Taraises 
formation of the sections discussed, it should have been easily recognized, 
but no specimen of Rogersites has been found. On the other hand, the 
horizon with Rogersites might easily be missed if occurring in the poorly 
fossiliferous lower member of the Taraises formation. Another olcoste- 
phanid, Maderia Imlay, n.gen., which ranges throughout the lower part 
of the upper member of the Taraises formation, is closely related to 
Subastieria (Spath, 1921, p. 32) of the lower Hauterivian of Europe. 

Among the neocomitids, evidence of a lower Hauterivian age is fur- 
nished by several genera. Acanthodiscus coahuilensis Imlay and A. 
lamparensis Imlay, which range throughout the lower part of the upper 
member, are somewhat similar to species from the lower Hauterivian 
marls of Switzerland. A. coahuilensis resembles A. vaceki Neumayr and 
Uhlig (1881, p. 165, pl. 56, fig. 2). A. lamparensis resembles A. wallrathi 
Baumberger (1906, p. 22, pl. 15, fig. 2). 

The genera Distoloceras and Leopoldia although represented in the 
Valanginian are much more characteristic of the lower Hauterivian. 
Distoloceras nodosum Imlay is similar to D. rémeri (Neumayr and Uhlig) 
(1881, p. 187, pl. 42, fig. 1; pl. 55; pl. 56, fig. 4). The rather vigorous 
ornamentation of Kilianella mayrdnensis Imlay is typical of the Kilian- 
ellas of the highest Valanginian and the lower Hauterivian (Sayn, 1907, 
p. 61). Also, specimens of Kilianella are rare in the upper member and 
rather common in the lower member, which suggests a Hauterivian age 
for the former. 

The presence of Saynoceras in the lower part of the upper member 
might suggest a Valanginian age, as the genus occurs typically at that 
horizon in Europe, although Pervinquiere (1907, p. 114) included an 
upper Albian species in the genus. However, the more complicated suture 
line of S. americanum Imlay than of the recorded species (Fallot and 
Termier, 1923, p. 39-43) from the Valanginian, suggests a younger age 
for the former. 
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SYSTEMATIC DESCRIPTIONS 
Olcostephanus Neumayr 1875 


Olcostephanus discoideus Imlay, n. sp. 
(Plate 2, figure 5) 


Description: Shell medium in size, discoidal; whorl section ovate, much higher 
than wide; flanks somewhat flattened, venter narrowly rounded. Umbilicus narrow, 
wall nearly vertical, shoulder abruptly rounded. 

The umbilical wall bears about 20 narrow ribs which terminate on the umbilical 
shoulder in low tubercles which are slightly elongated radially. From the tubercles 
pass bundles of 3, rarely 2 or 4, ribs which are slightly flexuous but radially disposed. 
On the anterior three-fourths of the outer whorl the posterior ribs of most bundles 
bifurcate about one-third of the way up the flank. The rib bundles are separated by 
one or two intercalary ribs, which begin slightly above the zone of the tubercles. 
The interspaces are much wider than the ribs. The suture is unknown. Diameter of 
umbilicus about 24 mm. at about 90 mm. diameter for shell. 

Remarks: The holotype has been considerably compressed. Its general form is 
similar to O. compressiusculus Imlay, n. sp., but the ribbing is different. O. rari- 
costatus (Bose) (1923a, p. 85) at a comparable size has coarser ribbing and a stouter 
form. 

Type: Holotype (U. M. 17890), Museum of Paleontology, University of Michigan. 

Occurrence: Taraises formation, upper member. Locality 8, lower part of unit 1, 
Sierra de Parras, Coahuila, Mexico. 


Olcostephanus coahuilensis Imlay, n. sp. 
(Plate 1, figures 1-3) 


Description: Shell large, stout; whorl subovate in section, height and thickness 
about equal except near aperture, where the height is slightly greater, embracing 
preceding whorl to umbilical tubercles; flanks gently convex, becoming somewhat 
flattened near the aperture; venter broadly rounded. Aperture marked by a fairly 
deep constriction and dorsal lappets. Umbilicus deep and narrow, wall steep, shoulder 
rather abruptly rounded. 

The umbilical wall bears about 22 fairly prominent, backwardly inclined ribs which 
begin near the line of involution and rise on the umbilical shoulder into spine-like 
tubercles which are slightly elongated radially. From the tubercles radiate bundles 
of four or five nearly straight, narrow ribs. In some bundles the posterior rib 
bifurcates low on the flank. Between the rib bundles are intercalated one or two 
ribs which begin a little above the zone of the tubercles. On the venter of the body 
whorl are about 118 ribs. The interspaces are wide, shallow, and rounded. The 
suture line is unknown. 

Greatest diameter of holotype 118 mm.; width of umbilicus 31 mm.; height of body 
whorl 47 mm.; thickness of body whorl 45 mm. 

Remarks: Olcostephanus coahuilensis is readily distinguished from “Astieria” 
guebhardi Kilian (1902, p. 866, pl. 57, fig. 2a-b) by its higher whorl section, from O. 
raricostatus (Bése) (1923, p. 85) by its greater number of tubercles and ribs, and from 
O. Astieriformis (Bése) (1923, p. 72) by its greater number of tubercles and stronger 
umbilical ribs. O. symonensis (Bése) (1923, p. 80) has a higher whorl section and 
fewer tubercles. 
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Type: Holotype (U. M. 16994), Museum of Paleontology, University of Michigan. 
Occurrence: Taraises formation, lower member. Holotype collected about 100 
feet below top of lower member at locality 8, Sierra de Parras, Coahuila, Mexico. 


Olcostephanus colorinensis Imlay, n. sp. 
(Plate 2, figures 4, 6, 11, 12) 


Description: This species is represented by six internal molds. Shell medium in 
size, discoidal; outer whorl embracing preceding whorl about one half; whorl section 
much higher than wide; flanks evenly convex, venter more narrowly rounded; 
greatest thickness a little below the middle of the flanks. Umbilicus fairly wide and 
shallow, umbilical walls steeply inclined, shoulder gently rounded. 

The umbilical wall bears about 40 prominent, acute, radially disposed ribs which 
start from the line of involution and terminate in tiny tubercles on the umbilical 
shoulder. Prominent flank ribs curve upward in pairs, or rarely singly, from the 
tubercles, incline forward on the flanks, and then recurve slightly to cross the venter 
transversely. The anterior rib of each pair is arched forward at its base, and in some 
pairs gives rise to a more or less loosely connected branch rib about 1 or 2 millimeters 
above the zone of the tubercles. Rarely, branch ribs extend upward from the 
posterior side of rib pairs. A few of the rib bundles are separated by intercalary ribs 
which begin low on the flanks. The interspaces are much wider than the ribs. The 
suture line is unknown. 

Remarks: Olcostephanus colorinensis is readily distinguished by its elevated flank 
ribs branching in pairs, its numerous sharp umbilical ribs, its tiny acute umbilical 
tubercles, and its wide umbilicus. 

Type: Holotype (U. M. 17899), paratypes (U. M. 16459, 17907), Museum of Paleon- 
tology, University of Michigan. 

OccurrENcE: Taraises formation, middle part of upper member. Holotype from 
locality 8, lower part of unit 1. Paratypes from localities 14 and 8, Sierra de Parras, 
Coahuila, Mexico. 


Olcostephanus quadriradiatus Imlay, n. sp. 
(Plate 5, figures 1, 2; text figure 3) 


Description: This species is represented by one slightly compressed specimen. 

Shell moderately large; whorl ovate in section, much higher than wide at anterior 
end of last whorl but probably no higher than wide at posterior part, embraces pre- 
ceding whorl to the umbilical tubercles. Umbilicus moderately narrow, wall vertical 
at base and steeply inclined above, shoulder evenly rounded. 

Twenty-three radially disposed, umbilical ribs begin near the line of involution, 
become prominent on the upper part of the wall, and terminate on the umbilical 
shoulder in prominent, radially elongate tubercles. From the tubercles pass bundles 
of three to five, straight, acute ribs which incline slightly forward on the flanks. 
Between most bundles are one or two intercalary ribs which begin slightly above the 
zone of the tubercles. The interspaces are wide. The suture line is unknown. 

Greatest diameter of holotype 105 mm.; width of umbilicus 31 mm.; height of last 
whorl near anterior end 43 mm.; thickness of last whorl near anterior end 36 mm. 

Remarks: Olcostephanus quadriradiatus may be distinguished from O. coahuilensis 
Imlay n. sp., by its less robust form, its stronger umbilical ribs, its more gently 
rounded umbilical shoulder, and the forward inclination of its flank ribs. O. asteri- 
anus (d’Orbigny) (1840-1841, p. 115, pl. 28, fig. 1, 2) has fewer tubercles and averages 
more ribs per bundle, but the resemblances are marked. 
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Ficure 3—Whorl sections of ammonites 


(1) Thurmannites? sp. (U. M. 18003); (2) Leopoldia bakeri Imlay (U. M. 16413); (3) Acanthodiscus 
‘magnificus Imlay (U. M. 17989); (4) Neocomites kellumi Imlay (U. M. 17880); (5) Hoplitides? multi- 
costatus Imlay (U. M. 16969); (6) Olcostephanus quadriradiatus Imlay (U. M. 17889); (7) Acan- 
thodiscus lamparensis Imlay (U. M. 17834); (8) Acanthodiscus grossiornatus Imlay (U. M. 17975). 
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Type: Holotype (U. M. 17889), Museum of Paleontology, University of Michigan. 
Occurrencn: Taraises formation, middle part of upper member. Locality 8, lower 
part of unit 1, Sierra de Parras, Coahuila, Mexico. 


Olcostephanus raricostatus (Bése) 


1923. 1" a Boss, Inst. Geol. Mex., Bol., hum. 42, p. 85, pl. 3, figs. 10-11, 
pl. 4, ng. 1. 

Remarks: In the Sierra de Parras, this species is abundant in the middle part of 
the upper member of the Taraises formation, where it is associated with O. symonensis 
(Bése) and O. astieriformis (Bose). Unlike these associated species, small fragments 
of the outer whorl can easily be recognized by their widely spaced ribs. 


Olcostephanus symonensis (Bose) 
(Plate 6, figure 15) 
1923. Astierta symonensis Boss, Inst. Geol. Mex., Bol., num. 42, p. 80, pl. 2, fig. 7-9. 
Remarks: The specimen figured shows many characteristics of the species better 
than the holotype—i.e., the pronounced umbilical tubercles, the numerous flank ribs 
in bundles of 5 and 6, the 16 or 17 backwardly inclined umbilical ribs, the moderately 
wide and shallow umbilicus, and the high whorl section. 
Type: Hypotype (U. M. 18073), Museum of Paleontology, University of Michigan. 
OccurrENCcE: Taraises formation, upper member. Holotype from lower part of 
upper member on the Sierra de Symén (Chivo), Zacatecas. Hypotype (18073) from 
locality 8, unit 2, Sierra de Parras, Coahuila, Mexico. In the Sierra de Parras the 
species occurs abundantly in the middle beds of the upper member. 


Olcostephanus? sp. 
(Plate 2, figure 9) 


Description: One badly deformed specimen (U. M. 16972) has a distinctive orna- 
mentation that merits description. 

Shell fairly small; whorl probably subovate in section and wider than high, strongly 
embracing; flanks and venter evenly convex. Umbilicus narrow, wall very steep, 
shoulder abruptly rounded. 

Upper part of umbilical wall marked by 22 low, acute ribs which terminate on the 
umbilical shoulder in small tubercles that are elongated radially. From the tubercles 
pass bundles of two or three ribs which bifurcate once or twice at various heights on 
the flanks. The ribs are fine, low, closely spaced, incline slightly forward on the 
flanks and venter, are rather faint near the tubercles but stronger on the venter. 
Whorl marked by several faint constrictions. The suture line is unknown. 

Remarks: This species is characterized by its fine, closely set ribs. 

OccurrRENCE: Taraises formation, lower member. Specimen collected about 250 
feet below top of lower member at locality 8, Sierra de Parras, Coahuila, Mexico. 


Olcostephanus (Dichotomites?) compressiusculus Imlay, n. sp. 
c (Plate 3, figures 9-11; Plate 4, figure 10) 


Description: Shell medium in size; whorl section ovate, much higher than wide 
at the anterior end, slightly higher than wide about one-fourth whorl back of anterior 
end; flanks somewhat flattened; venter narrowly rounded. Umbilicus narrow, wall 
vertical near base, shoulder abruptly rounded. 

On upper part of the umbilical wall are about sixteen moderately strong, broad 
ribs which terminate on the umbilical shoulder in broad tubercles. From the 
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tubercles pass bundles of two or three ribs, which are broad, rounded, fairly promi- 
nent, and incline forward. Almost every rib gives rise to one branch rib on its 
anterior side near the middle of the flanks. On the posterior part of the last whorl 
the brancl. ribs are closely connected with the main ribs, but anteriorly they become 
faintly connected. There are about 80 ribs on the venter of the outer whorl. The 
interspaces are slightly wider than the ribs. The suture line is unknown. 

Greatest diameter of holotype 92 mm.; width of umbilicus 25 mm.; height of 
whorl at anterior end 37 mm.; thickness of whorl near anterior end 28 mm. 

Remarks: Olcostephanus compressiusculus is distinguished from other associated 
species by its ribbing. The holotype has been slightly compressed. 

Tyre: Holotype (U. M. 17870), Museum of Paleontology, University of Michigan. 

Occurrence: Taraises formation, upper member. Locality 8, unit 2, Sierra de 
Parras, Coahuila, Mexico. 


Valanginites Sayn 1907 


Valanginites angusticoronatus Imlay, n. sp. 
(Plate 4, figures 1-3) 


Description: Form globular, very involute; whorl semi-lunar in section, much 
wider than high, strongly embracing; venter broadly rounded; umbilicus narrow and 
deep, wall high, shoulder angular. 

Upper part of umbilical wall marked by about sixteen faint ribs which incline 
slightly backward and terminate in moderately pronounced umbilical tubercles. 
From the tubercles radiate bundles of three, or four, low, rounded ribs which do not 
bifurcate. Some intercalary ribs appear on the flanks. Interspaces somewhat wider 
than ribs. Constrictions strong and inclined to ribs. Body chamber not preserved. 

Greatest diameter of holotype 52 mm., width of umbilicus measured parallel to 
greatest diameter 18 mm., height of last whorl 14.5 mm., thickness of last whorl 
48 mm. (?). 

‘ype: Holotype (U. M. 18000), Museum of Paleontology, University of Michigan. 
‘ OccurrENcE: Taraises formation, base of upper member at locality 12, Sierra de 
Parras, Coahuila, Mexico. 


Valanginites sp. 
(Plate 2, figure 7) 


Description: One highly deformed specimen is worth recording. 

Form globular; venter and flank probably evenly rounded; umbilicus narrow and 
fairly deep, shoulder rounded. Upper part of umbilical wall bears faint ribs which 
terminate in small tubercles or the umbilical shoulder. From the tubercles pass 
bundles of three, rarely four, strong, wide ribs which incline forward slightly on the 
flank but cross the venter transversely. 

Srecimen: No. 18264, Museum of Paleontology, University of Michigan. 

OccurRENCE: Taraises formation, fossil comes from gray limestone in lower mem- 
ber on north slope of Cafion del Toboso near Symon, Zacatecas. 

Maderia Imlay, n. gen. 

This genus is fairly common in the lower part of the upper member of the Taraises 
formation. It is similar to Subastieria (defined by Spath, 1921, p. 32) but exhibits 
a slight thinning of the ribs along the mid-ventral line of the outer whorls. Com- 
pared with Mezicanoceras, its whorl section is more depressed, its umbilicus wider, 
and the ventral thinning of the ribs less pronounced. 
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Shell small; whorls semi-lunar in section; wider than high, embracing to, or near, 
the umbilical tubercles; venter broadly rounded. Umbilicus deep and fairly wide, 
wall fairly high, shoulder rounded to subangular. Body chamber unknown. The 
ornamentation is of the same type as in Mezicanoceras except that there are three 
or four constrictions per whorl. The suture line is of the olcostephanid type. Lobes 
deep and frilled; saddles high, not divided by a secondary lobe. M. coronata Imlay 
is designated as the genotype. The genus is named in honor of the Madero family. 


Maderia coronata Imlay, n. sp. 
(Plate 3, figures 4, 5, 8, 12; Text figure 4) 


Description: This species is represented by seven pyritized specimens, of which 
none shows the body chamber. 

Shell fairly small; whorls semi-lunar in section, much wider than high, embracing 
to the umbilical tubercles; venter broadly rounded. Umbilicus deep and fairly wide, 
funnel-shaped; wall high, vertical at base, moderately inclined above but becoming 
steeper on outer whorl; shoulder subangular. 

The upper two-thirds of the umbilical wall bears fifteen to seventeen broad, low 
ribs which terminate on the umbilical shoulder in pronounced tubercles. On the 
smaller specimens (PI. 3, figs. 8, 12) the ribs pass from the tubercles in bundles of 
two’s and three’s, and incline forward slightly near the tubercles. On the outer whorl 
of the holotype the ribs begin in bundles of three’s, or less commonly four’s, and 
extend nearly radially across the flanks. In bundles of four ribs, one of the ribs may 
arise slightly higher than the rest. The ribs are prominent, rounded, fairly wide, and 
are separated by wider interspaces. Each whorl bears two or three pronounced con- 
strictions which modify the ribbing somewhat. ‘he constrictions are commonly pre- 
ceded by a bundle of four to six ribs and followed by a single rib, or a pair of ribs. 
A thinning of the ribs along the mid-ventral line begins at a diameter of about 
13 mm. and becomes more pronounced anteriorly. 

Sutures considerably frilled. First lateral lobe about as long as siphonal lobe but 
much longer than second and third. Saddles high, moderate in width, and not 
descending evenly to the line of involution. 

Greatest diameter of holotype 37 mm.; width of umbilicus 12.7 mm.; height of last 
whorl 14 mm.; thickness of last whorl 29 mm. (?). 

Type: Holotype (U. M. 19045), paratypes (U. M. 19046, 17944), Museum of 
Paleontology, University of Michigan. 

OccurreNce: Taraises formation, lower part of upper member, Localities 58 and 
50, Sierra de Parras, Coahuila, Mexico. 


Maderia altiumbilicata Imlay, n. sp. 
(Plate 8, figures 9-19) 


Description: This species, represented by twenty pyritized specimens, is one of 
the most abundant in the upper member of the Taraises formation. All the speci- 
mens are crushed or incomplete. The body chamber is unknown. 

Shell small, globular; whorls semi-lunar in section, much wider than high, embrac- 
ing to the umbilical tubercles; venter broadly rounded. Umbilicus deep and fairly 
wide, funnel-shaped; wall high, vertical at base, steeply inclined above; shoulder 
subangular. 

The smallest specimen (PI. 8, figs. 16-18) at a diameter of 10 mm. has a depressed 
outer whorl which is involute to the umbilical tubercles. Its umbilicus is fairly wide, 
and its walls are high and almost vertical. Its ornamentation consists of three pro- 
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nounced constrictions with a swelling in the center of each, sixteen acute umbilical 
tubercles marking the terminations of low umbilical ribs, and flank ribs, in bundles 
of threes or twos inclined slightly forward. The posterior end of the outer whorl is 
almost smooth. 

In the succeeding growth stages the corstrictions become faint, the upper part of 
the umbilical wall becomes gradually less steeply inclined, the ribs and tubercles 
become more pronounced. At a diameter of 12 mm., a faint thinning of the ribs 
begins along the mid-ventral line and a bifurcating rib occurs. At greater diameters 
the ribs incline forward only near the tubercles and then cross the venter transversely. 
Specimens the size of the holotype (PI. 8, figs. 9-11) bear 16 or 17 umbilical tubercles 
from which pass ribs in bundles of three, but in most bundles one rib forks low on 
the flanks. On the largest specimen the ribs are high and narrow and the mid-ventral 
line is marked by pronounced thinning of the ribs. The interspaces are somewhat 
wider than the ribs at all stages. 

Dimensions in mm. are as follows: 


Whorl Whorl Umbilical 
Diameter height thickness width 


Remarks: This species is characterized by its subangular shoulder and depressed 
whorl section. M. semilunaris has finer ornamentation. 

Tyrpn: Holotype (U. M. 18054), paratypes (U. M. 17921, 18044, 17196, 18059), Mu- 
seum of Paleontology, University of Michigan. 

OccurrENCE: Taraises formation, lower part of upper member. Localities 18 and 
58, Sierra de Parras, Coahuila, Mexico. 


Maderia multituberculata Imlay, n. sp. 
(Plate 3, figures 1-3) 


Dascription: This species is represented by one pyritized specimen. Shell small; 
whorls semi-lunar in section, much wider than high, embracing to the umbilical 
tubercles; venter broadly rounded. Umbilicus deep and fairly wide, funnel-shaped; 
wall high, vertical at base, steeply inclined above, shoulder abruptly rounded. 

The upper part of the umbilical wall bears 26 moderately low ribs which terminate 
on the shoulder in acute tubercles. From the tubercles pass bundles of two, or three, 
high, narrowly rounded, ribs which incline forward slightly on the flanks but cross 
the venter transversely. In bundles of three ribs, the anterior rib may begin slightly 
higher than the other ribs. Outer whorl with two well-marked constrictions. Inter- 
spaces much wider than ribs. A slight thinning of the ribs along the mid-ventral line 
occurs on the anterior half of the outer whorl. 

Greatest diameter of holotype 27 mm.; width of umbilicus 7 mm.; height of last 
whorl 11.8 mm.; thickness of last whorl 19.6 mm. 

Remarks: Compared with M. cupidinensis Imlay, this species is more involute, 
and has more ribs and tubercles. M. semilunaris has fewer tubercles and averages 
more ribs per bundle. : 

Type: Holotype (U. M. 19053), Museum of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 
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Maderia ? latiumbilicata Imlay, n. sp. 
(Plate 7, figures 13-15) 


Description: This species, represented by one pyritized specimen, is provisionally 
placed in the genus, Maderia, pending further studies. 

Shell small, discoid; whorls subcircular in section, wider than high, embracing 
about two-fifths; venter broadly rounded; flanks convex, rounding rather rapidly 
into venter, rounding insensibly into umbilical wall on inner whorls and abruptly on 
outer whorl. Umbilicus fairly wide, shallow; wall low, vertical at base on outer 
whorl, steeply inclined on inner whorls. Body chamber unknown. 

In the umbilicus are exposed about four volutions, of which the inner volution is 
very poorly preserved but appears to be smooth. The second volution shows faint 
ribbing. The third volution, at a diameter of about 12.5 mm., shows faint umbilical 
ribs which ‘begin low on the wall and terminate in about 20 tubercles on the umbilical 
shoulder. From the tubercles pass pairs of ribs which incline forward slightly on the 
flanks. In most pairs the posterior rib is weaker and in some pairs is faintly con- 
nected with the tubercle. The pairs are separated by single intercalary ribs which 
begin at, or slightly above, the zone of tubercles. On the outer whorl, intercalary 
ribs exist only at the posterior end. Strong ribs rise in pairs from pronounced 
umbilical tubercles and pass nearly radially across the flanks. Innerspaces are about 
twice as wide as the ribs. A faint thinning of the ribs occurs along the mid-ventral 
line. 

Type: Holotype (U. M. 19056), Museum of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Maderia nontuberculata Imlay, n. sp. 
(Plate 8, figures 1-4; text figure 4) 


Description: This species is represented by seven pyritized specimens, of which 
none shows the body chamber. 

Whorls semi-lunar in section, much wider than high, embracing about three-fourths 
of preceding whorls; flanks rounding evenly from umbilical wall into broadly rounded 
venter. Umbilicus deep and fairly wide, funnel-shaped, wall vertical at base, mod- 
erately inclined above, shoulder gently rounded. 

The upper part of the umbilical wall is marked by 25 to 30 low, radially trending 
ribs which become slightly swollen on the umbilical shoulder and pass into bundles 
of ribs which incline forward low on the flanks and then cross the venter transversely. 
The ribs branch in bundles of three, but in many bundles one rib bifurcates low on 
the flank. The flank ribs are low, rounded, and broad, and the interspaces are slightly 
wider. The anterior end of the holotype and of larger specimens shows a faint 
thinning of the ribs along the mid-ventral line. 

The suture line is considerably frilled; the lobes are deep and narrow; the saddles 
high and not divided by secondary lobes. 

Dimensions in mm. are as <ollows: 

Whorl Whorl Umbilical 
Diameter height thickness width 


Remarks: This species is easily distinguished by its numerous low ribs and lack 
of umbilical tubercles. 
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Type: Holotype (U. M. 18036), puratype (U. M. 18145), Museum of Paleontology, 
University of Michigan. 

Occurrence: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Maderia semilunaris Imlay, n. sp. 
(Plate 3, figures 6, 7, 13-15) 


Description: This species is represented by six pyritized fragments of immature 
forms. 

Shell small; whorls semi-lunar in section, much wider than high, embracing to 
umbilical tubercles; venter broadly rounded. Umbilicus deep and fairly wide, funnel- 
shaped; wall high, vertical at base, steeply inclined above; shoulder abruptly 
rounded. 

The upper part of the umbilical wall bears 21 moderately low ribs which terminate 
on the umbilical shoulder in rather acute tubercles. From the tubercles pass bundles 
of three low, rounded ribs which incline forward only near the tubercles and then 
cross the venter transversely. In many bundles one rib forks low on the flanks. The 
interspaces are a little wider than the ribs. Constrictions are faint. A slight thin- 
ning of the ribs along the mid-ventral line occurs at the anterior end of the types. 

Greatest diameter of holotype 25 mm.; width of umbilicus 6.7 mm.; height of last 
whorl 11.8 mm. 

Type: Holotype (U. M. 18071), paratype (U. M. 19044), Museum of Paleontology, 
University of Michigan. 

OccurreNcE: Taraises formation, lower part of upper member. Localities 50 
(holotype), 58, and 18, Sierra de Parras, Coahuila, Mexico. 


Maderia cupidinensis Imlay, n. sp. 
(Plate 5, figures 4-6) 


Description: The species is represented by six pyritized specimens. The anterior 
end of the holotype has been distorted. 

Shell small; whorls semi-lunar in section, wider than high, embracing about two- 
thirds of preceding whorls; venter broadly rounded. Umbilicus fairly wide and 
moderately deep; wall steeply inclined, vertical at base; shoulder rounded. The 
body chamber is unknown. 

Upper part of umbilical wall marked by 20 to 22 low ribs which terminate in fairly 
low umbilical tubercles. From the tubercles pass bundles of two or three fairly 
prominent, narrowly rounded, radially trending ribs. On the inner whorls the bundles 
consist of only two ribs, but at diameters greater than 12 mm. bundles of three ribs 
are fairly common. In bundles of three ribs both the posterior and the anterior ribs 
are faintly connected with the tubercles. Interspaces slightly wider than ribs. Sev- 
eral constrictions on each whorl. On the larger specimens a faint thinning of the ribs 
occurs along the mid-ventral line. The suture line is unknown. 

Greatest diameter of holotype 15.4 mm.; width of umbilicus 54 mm.; height of 
last whorl 6.6 mm. (?); thickness of last whorl 10 mm. (?). 

Remarks: This species resembles M. altiumbilicata but is less involute, the 
umbilical wall is lower, the umbilical shoulder rounder, the umbilical ribs and 
tubercles more numerous, and the bundles consist commonly of fewer ribs. M. 
semilunaris is more involute and has finer ribbing. M. symonensis (Boése) (1923a, 
p. 96, pl. V, figs. 5-16) has a higher whorl section and coarser ornamentation. 
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Tyre: Holotype (U. M. 18056), paratype (18299), Museum of Paleontology, Uni- 
versity of Michigan. 

Occurrence: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Mezicanoceras Imlay, n. gen. 


Ten species are listed under this genus which characterizes the lower part of the 
upper member of the Taraises formation and is similar in form, sculpture, and suture- 
line to Olcostephanus. It differs from Olcostephanus in having a ventral furrow on 
the outer whorls, a more inflated form, broader whorl section, and in its much smaller 
size. 

Shell small; whorls subovate, semi-lunar, or subquadrate in section; somewhat 
wider than high, thickest at the umbilical wall; embracing to umbilical tubercles on 
inner whorls. Body whorl not definitely known, but the outer whorl of M. parrasense 
is much less involute than the inner whorls. Umbilicus generally deep and narrow, 
wall steeply inclined above and vertical at base, shoulder gently to abruptly 
rounded. Upper part of umbilical wall bears ribs which terminate on the umbilical 
shoulder in low tubercles or swellings. Flank ribs occur in bundles, or arise between 
bundles, incline forward more or less strongly on the flanks but cross the venter 
transversely. In most species, rib-branching is common. Thinning of the ribs along 
the mid-ventral line generally begins at a diameter of 12 to 16 mm., and within one- 
half to one whorl develops into a pronounced ventral furrow. Constrictions occur 
on the inner whorls, but are faint or absent on outer whorls. The suture line shows 
the characters of the olcostephanids as described by Uhlig (1903, p. 84, 86, pl. 18, 
fig. 2e). Mezicanoceras kanei is designated as the genotype. 


Mexicanoceras vigorosum Imlay, n. sp. 
(Plate 8, figures 23, 24, 30, 31) 


Description: This species is represented by nine fragmentary pyritized specimens. 

Whor! subovate in section, wider than high, embracing to umbilical tubercles; 
flanks and venter evenly convex. Umbilicus deep and fairly narrow, wall vertical 
at base, shoulder rather abruptly rounded. Aperture not preserved. 

The upper part of the umbilical wall bears from 15 to 18 fairly weak, radially 
trending ribs which on the umbilical shoulder pass into acute tubercles. From the 
tubercles pass bundles of thre’, rarely four, prominent, narrowly rounded ribs which 
incline forward considerably on the flanks but cross the venter transversely. Bifurca- 
tion is uncommon. The ribbing becomes somewhat coarser ventrally and much 
coarser anteriorly. At a diameter of 14 mm. there is a slight thinning of the ribs 
along the venter. At a diameter of 21 mm. a definite groove appears. The anterior 
end of the holotype bears a deep groove bounded by high ribs. The interspaces are 
nearly twice as wide as the ribs. 

Remarks: M. vigorosum is characterized by its strong ornamentation. M. parra- 
sense has stronger tubercles, less pronounced ventral groove, and the ribbing does 
not coarsen as much anteriorly. 

Tyre: Holotype (U. M. 17918), paratype (U. M. 18046), Museum of Paleontology, 
University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Localities 58 
(holotype) and 18, Sierra de Parras, Coahuila, Mexico. 
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Ficure 4—Suture lines of ammonites 


(1) Maderia coronata Imlay (U. M. 19045) at diameter of 36.5 mm.; (2) Maderia nontuberculata 
Imlay (U. M. 18063) at diameter of 23 mm.; (3) Neolissoceras abbotti Imlay (U. M. 17956) at diameter 
of 14 mm.; (4) Mezicanoceras rarituberculatum Imlay (U. M. 17194) at whorl height of 10.5 mm.; (5) 
Mexicanoceras gloriense Imlay (U. M. 17531) at diameter of 11 mm.; (6) Ceratotuberculus linguituber- 
culatus Imlay (U. M. 19040) at diameter of 17.5 mm.; (7) Kilianella mayranensis Imlay (U. M. 17952) 
at diameter of about 36 mm.; (8) Saynoceras americanum Imlay (U. M. 19084) at diameter of about 
7 mm.; (9) Neocomites parritensis Imlay (U. M. 18259) at whorl height of 12.5 mm.; (10) Leopoldia 
fleruosa Imlay (U. M. 19011) at diameter of 30 mm.; (11) Leopoldia victoriensis Imlay (U. M. 18255) 
at whorl height of 14 mm.; (12) Acanthodiscus lamparensis Imlay (U. M. 19020) at whorl height of 
8 mm.; (13) Acanthodiscus bernii Imlay (U. M. 19023) at whorl height of 18 mm. All outlines X 2, 
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Mezxicanoceras mimbrense Imlay, n. sp. 
(Plate 7, figures 12, 25-27) 


Description: The following description is based on two much compressed pyri- 
tized specimens. 

Shell moderate in size for genus; whorl subovate in section, probably as wide as 
high on undeformed specimens, embracing to the umbilical tubercles; flanks broadly 
convex, venter narrowly rounded (probably due to posthumous compression). Um- 
bilicus moderate in depth, wall steeply inclined, shoulder fairly abrupt. 

The umbilical wall bears 18 to 22, moderately pronounced, radially inclined ribs 
which terminate on the umbilical shoulder in tubercles that are elongated radially. 
From the tubercles pass bundles of three to four fine, acute ribs which are more 
pronounced on the venter than on the flanks, which incline strongly forward but 
recurve slightly and cross the venter nearly transversely. On the smaller specimen 
and on the posterior end of the holotype, bifurcation is rare. On the anterior end 
of the holotype, one or two ribs of each bundle bifurcate below the middle of the 
flanks. The interspaces are much wider than the ribs. 

Greatest diameter of holotype 323 mm. (?); width of umbilicus 8.5 mm.; height 
of last whorl 17 mm. (?); thickness of last whorl 17 mm. (?). 

Remarks: Mezicanoceras mimbrense may be readily distinguished from other 
species by its fine, elevated ribs. 

Type: Holotype (U. M. 12166), paratype (U. M. 18043), Museum of Paleontology, 
University of Michigan. 

Occurrence: Taraises formation, lower part of upper member. Locality 18, 
Sierra de Parras, Coahuila, Mexico. 


Mezicanoceras kanei Imlay, n. sp. 
(Plate 8, figures 20-22, 25, 26) 


Description: This species is represented by nine pyritized specimens. 

Shell small; whorl subovate in section, slightly wider than high, embracing to the 
umbilical tubercles; flanks and venter gently convex. Umbilicus narrow and deep, 
wall vertical, shoulder rounded. Body chamber not preserved. 

The upper part of the umbilical wall bears 22 to. 25 faint, backwardly inclined 
ribs which pass on the umbilical shoulder into low, narrow tubercles. The ventral 
parts of the tubercles incline forward on the flanks, and give rise to bundles of 
two or three ribs which incline forward, especially strongly near the anterior end, 
but cross the venter transversely. Some ribs bifurcate below the middle of the 
flanks. The interspaces are a little wider than the ribs. The ornamentation be- 
comes stronger ventrally and anteriorly. A faint thinning of the ribs along the mid- 
ventral line begins at a diameter of 13 mm. The anterior end of the holotype at a 
diameter greater than 18 mm. is marked by a distinct ventral furrow. 

Greatest diameter of holotype 21 mm., width of umbilicus 3.3 mm.; height of last 
whorl 10 mm.; thickness of last whorl 13 mm. 

REMARKS: The species is named in honor of William Kane, of Saltillo, Mexico. 
M. kanei resembles M. subquadratum, but its tubercles are more pronounced and 
its umbilicus is narrower. The ribs are closer set and the umbilical tubercles more 
elongate than on M. vigorosum. M. gloriense has fewer and stronger umbilical tu- 
bercles at a comparable size. 

Tyre: Holotype (U. M. 17915), paratypes (U. M. 18061, 19050), Museum of Pale- 
ontology, University of Michigan. 
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Occurrence: Taraises formation, lower part of upper member. Localities 18, 
50, and 58, Sierra de Parras, Coahuila, Mexico. 


Mezxicanoceras subquadratum Imlay, n. sp. 
(Plate 7, figures 5-7) 


Description: This species is represented by four pyritized specimens. 

Shell of medium size for genus; outer whorl subquadrate in section, slightly wider 
than high, embracing to the umbilical tubercles; flanks gently convex; venter 
broadly rounded. Umbilicus fairly narrow and deep, wall steeply inclined and fairly 
high, shoulder rather abruptly rounded. 

The upper part of the umbilical wall is marked by about 19 to 22 low, radially 
trending ribs which terminate on the umbilical shoulder in low elongate tubercles. 
The ventral parts of the tubercles curve strongly forward and give rise to bundles 
of two to four rounded, fairly prominent ribs which swing forward to the upper 
part of the flanks and then recurve and cross the venter transversely. The anterior 
ribs of the bundles curve more strongly forward than the posterior ribs, and, as a 
result, the forward inclination of the ribs becomes yp: .gressively greater toward the 
anterior end of the shell. In many bundles the an‘orior ribs rise slightly higher 
than the posterior ribs, and in a few bundles the posterior ribs rise higher. Branching 
occurs rather commonly low on the flanks and uncommonly near the middle of the 
flanks. Intercalary ribs are rare. The ornamentation becomes slightly coarser ven- 
trally and anteriorly. The interspaces are nearly twice as wide as the ribs. The 
ribbing is slightly diminished along the mid-ventral line. 

Greatest diameter of holotype 25 mm.; width of umbilicus 4.5 mm.; height of last 
whorl 12 mm.; thickness of last whorl 15.3 mm. 

Remarks: This species is characterized by its subquadrate whorl section. M. kanei 
has a narrower umbilicus, more pronounced tubercles, and a distinct ventral fur- 
row. M. vigorosum has higher, less elongate umbilical tubercles, and a pronounced 
ventral furrow. In the University of Michigan collections are several undescribed 
species which approach closely to M. subquadratum. 

Type: Holotype (U. M. 18066), Museum of Paleontology, University of Michigan. 

Occurrence: Taraises formation, lower part of upper member. Localities 58, 50, 
and 18, Sierra de Parras, Coahuila, Mexico. 


Mexicanoceras subinflatum Imlay, n. sp. 
(Plate 8, figures 5-8) 


Description: This species is represented by two pyritized specimens. 

Shell fairly small; whorls semi-lunar in section, much wider than high, embracing 
to the umbilical tubercles; flanks gently convex; venter broadly rounded. Umbilicus 
narrow and deep, wall vertical, shoulder rounded. Body chamber not preserved. 

The upper part of the umbilical wall bears 16 to 18 narrow, weak ribs which 
terminate on the umbilical shoulder in fairly low, acute tubercles. From the tuber- 
cles pass bundles of three to five narrow ribs which incline forward rather strongly 
on the flanks but cross the venter transversely. Most bundles consist of four ribs. 
Rarely, a rib forks low on the flank, or appears intercalated between two bundles. 
The ribs are somewhat faint near the zone of tubercles but become stronger ven- 
trally. The interspaces are a little wider than the ribs. A faint thinning of the 
ribs along the mid-ventral line occurs at a diameter of 12 mm. and remains faint 
at greater diameters. 
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Greatest diameter of holotype 15.4 mm.; width of umbilicus 2.5 mm.; height of 
last whorl 7.5 mm.; thickness of last whorl 11. mm. Dimensions of paratype U. M. 
19066 given in same order are 27.5, 4.5, 13.0, and 18.2 mm. 

Remarks: This species is characterized by its robust form and by the large number 
of ribs per bundle. 

Tyre: Holotype (U. M. 18038), paratype (U. M. 19066), Museum of Paleontol- 
ogy, University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Localities 58 and 
18. Sierra de Parras, Coahuila, Mexico. 


Mezxicanoceras zacatecanum (Bose) 
(Plate 8, figures 27-29, 32) 


1923. Astieria zacatecana Bose, Inst. Geol. Mex., Bol. 42, p. 82, pl. 2, figs. 10-12. 

Remarks: This rather rare species is represented in the University of Michigan 
collections by only three specimens whose features agree essentially with the original 
description. The most characteristic feature is the faint ornamentation. The um- 
bilical ribs are faint. From 17 or 18 weak umbilical tubercles pass bundles of three 
to five broad, low ribs of which some bifurcate low on the flanks. The ribs are 
nearly straight but incline slightly forward low on the flanks. At a diameter of 
13 mm. appears a faint thinning of the ribs along the mid-ventral line. Hypotype 
(18068) bears about 90 ribs on the venter. 


Dimensions in mm. are as follows: 
Whorl Whorl Umbilical 
Diameter height thickness width 


Occurrence: Taraises formation, lower part of upper member. Holotype from 
Sierra de Symoén, Zacatecas. Localities 12 and 58 in the Sierra de Parras, Coahuila, 
Mexico. 


Mezxicanoceras neohispanicum (Bése) 
(Plate 7, figures 22-24, 28) 


1923. Astierta neohispanica Bész, Inst. Geol. Mex., Bol. 42, p. 84, pl. II, fig. 13-15. 

Description: Bése’s description was based on one pyritized specimen which rep- 
resents either an immature form or the inner whorls of a larger individual. In the 
University of Michigan collection from the Sierra de Parras are three pyritized 
specimens of this species of which one (PI. 7, fig. 28) probably represents a nearly 
adult form, although the body chamber is not preserved. Bése states that the whorl 
section is higher than wide but judging from his figures the holotype has been com- 
pressed laterally. The whorl sections of the forms from the Sierra de Parras are 
slightly wider than high. A faint thinning of the ribs along the mid-ventral line 
begins at a diameter of 16 mm. 

Mezxicanoceras neohispanicum (Bése) is easily recognized by its numerous umbili- 
cal ribs which do not become tuberculiferous. The branching of the ribs is similar 
to M. gloriense which, however, differs in many other respects. 

Tyre: Hypotypes (U. M. 17967, 18064), Museum of Paleontology, University of 
Michigan. 
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OccurRENcE: Taraises formation, lower part of upper member. Localities 18 and 
58 in the Sierra de Parras, Coahuila. Holotype from the Sierra del Chivo, Zacatecas, 
Mexico. 

Mezxicanoceras gloriense Imlay, n. sp. 


(Plate 8, figures 33-37; text figure 4) 


Description: This species is represented by eight pyritized specimens. Outer 
whorls semi-lunar in section, much wider than high, embracing to umbilical tuber- 
cles; flanks and venter evenly rounded. Umbilicus deep and narrow, wall steeply 
inclined, vertical at base, shoulder rounded. 

The upper part of the umbilical wall is marked by 16 to 18 low ribs which termi- 
nate on the umbilical shoulder in small tubercles that are elongated and inclined 
forward. From the tubercles pass bundles of two, rarely three, prominent, narrowly 
rounded ribs. In every bundle, one or two ribs fork on the lower half of the flank, 
but almost every bundle has one unforked rib, The ribs are inclined forward rather 
strongly on the flanks but recurve and cross the venter transversely. At a diameter 
of 12 mm. the ribs are slightly thin on the mid-ventral line. At a diameter of 15.5 
mm., a definite ventral furrow appears and becomes well marked anteriorly. The 
interspaces are nearly twice as wide as the ribs. 

The suture line has a deep siphonal lobe and a slightly deeper first lateral lobe. 
The saddles are high, considerably frilled, and not divided by secondary lobes. 

Greatest diameter of holotype 15.5 mm.; width of umbilicus 3. mm.; height of 
last whorl 7.5 mm.; thickness of last whorl 10 mm. 

Remarks: M. gloriense differs from M. kanei by its fewer and stronger tubercles, 
coarser and more widely spaced ribs, and more-common rib bifurcation. M. vigo- 
rosum has stronger ornamentation and fewer bifurcating ribs. 

Tyre: Holotype (U. M. 17531), paratypes (U. M. 17928, 17195), Museum of Pale- 
ontology, University of Michigan. 

OccurreNce: Taraises formation, lower part of upper member. Localities 18 
(holotype) and 58, Sierra de Parras, Coahuila, Mexico. 


Mezicanoceras rarituberculatum Imlay n. sp. 
(Plate 7, figures 19-21; text figure 4) 


Description: The species is represented by thirteen fairly well preserved pyritized 
specimens. 

Shell large for genus; whorl subovate in section, slightly wider than high, em- 
bracing to the umbilical tubercles, flanks and venter gently convex. Umbilicus nar- 
row and deep, wall vertical near base, shoulder gently rounded. 

The upper part of the umbilical wall bears 12 to 15 faint ribs which terminate on 
the umbilical shoulder in low tubercles. From the tubercles pass bundles of three 
or four low, rounded, nearly straight ribs which incline forward, especially at the 
anterior end of the shell, but cross the venter transversely. The ribs are rather 
obscure posteriorly but become prominent and more narrowly rounded anteriorly, 
and are separated by much-wider interspaces. Bifurcation is rare. Intercalary ribs 
occur between some rib bundles. Some specimens have stronger, and others weaker, 
ornamentation than the holotype. On specimens larger than the holotype the mid- 
ventral line is marked by considerable thinning of the ribs. 

The suture line is much frilled. The first lateral lobe is deep and narrow; the 
second lateral lobe is somewhat shorter. The first auxiliary lobe is somewhat oblique. 
The saddles are high, fairly narrow, and descend nearly evenly to the suture. 
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Greatest diameter of holotype 24.7 mm.; width of umbilicus 4.5 mm.; height of 
last whorl 11.5 mm.; thickness of last whorl 13.8 mm. Dimensions of largest speci- 
men given in same order, 41 mm.; 64 mm.; 23 mm.; 244 mm. 

Remarks: This species is characterized by its small number of umbilical tubercles. 

Tyre: Holotype (U. M. 18049), paratypes (U. M. 17194), Museum of Paleontol- 
ogy, University of Michigan. 

OccurrRENcE: Taraises formation, lower part of upper member. Localities 18 
(holotype), 58, and 12, Sierra de Parras, Coahuila, Mexico. 


Mexicanoceras parrasense Imlay n. sp. 
(Plate 7, figures 1-4, 16-18) 


Description: The species is represented by twelve specimens. Whorl sub-circular 
in section, wider than high, depressed most one-fourth volution back of anterior 
end of outer whorl; inner whorls embracing to umbilical tubercles, anterior half of 
last whorl becomes much less involute; venter broadly rounded. Umbilicus fairly 
narrow on inner whorls, fairly wide on outer whorl; wall vertical at base, steeply 
inclined above; shoulder rather abruptly rounded. 

The upper part of the umbilical wall bears 17 to 18 fairly strong ribs which on 
the umbilical shoulder terminate in strong tubercles. From the tubercles pass bun- 
dles of two or three prominent, rounded ribs that are highest on the venter. Most 
bundles are separated by intercalary ribs which begin above the zone of umbilical 
tubercles. Ribs incline slightly forward on inner whorls and strongly forward near 
the anterior end of the outer whorl but cross the venter transversely. Venter of 
outer whorl marked by a shallow groove which becomes stronger anteriorly. Early 
whorls at diameters less than 16 mm. without a ventral groove. The interspaces 
are somewhat wider than the ribs. The suture line is unknown. 

Greatest diameter of holotype 315 mm.; width of umbilicus 9.3 mm.; height of 
last whorl at anterior end 11.6 mm.; thickness of last whorl 11. mm. 

Remarks: This species is characterized by the coarse ornamentation of the early 
volutions, the ventral groove, and the tendency of the outer whorl to become evo- 
lute. 

Type: Holotype (U. M. 18001), paratype (17995), Museum of Paleontology, Uni- 
versity of Michigan. 

OccurreNce: Taraises formation, lower part of upper members. Localities 12 
(holotype), 50, and 58. Sierra de Parras, Coahuila, Mexico. 


Ceratotuberculus Imlay, n. gen. 


This genus comprises five species from the lower part of the upper member of 
the Taraises formation of the Sierra de Parras. Three of the species are represented 
by specimens which are too poorly preserved to merit description. The essential 
features include a discoid shell with inner whorls embracing slightly and outer whorls 
embracing considerably. Whorls subovate in section, wider than high, but becoming 
relatively higher during growth. Inner whorls with broadly rounded venter, very 
wide umbilicus, and umbilical wall rounding evenly into flanks. Outer whorls with 
arched venter, moderately wide umbilicus, and steep umbilical wall separated from 
flanks by an abruptly rounded shoulder. Innermost whorl smooth; next whorl with 
constrictions; third whorl with constrictions, umbilical tubercles, umbilical and flank 
ribs; fourth whorl marked in addition with ventral tubercles and a ventral furrow. 
Ribs strong, in bundles or intercalated between bundles, radial or inclined slightly 
forward, rounded in early stages, with broad triangular cross-sections in later stages. 
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Umbilical tubercles prominent and acute. Ventral tubercles high, thick, and elon- 
gated parallel to ribbing. Suture line imperfectly known but apparently of the 
olcostephanid type. Ceratotuberculus casitensis Imlay is designated as the genotype. 


Ceratotuberculus linguituberculatus Imlay, n. sp. . 
(Plate 6, figures 2-10, 14, 16; text figure 4) 


Description: The following observations are based on nine pyritized specimens 
which imperfectly show the inner whorls. 

Shell small; outer whorl subovate in section, wider than high but becoming rela- 
tively higher with age, embracing about two-thirds of the preceding whorl; venter 
broadly arched at posterior end of outer whorl of holotype, becoming highly arched 
at anterior end. Umbilicus deep, moderately wide, wall high and very steeply in- 
clined, shoulder abruptly rounded. Anterior end of holotype shows beginning of 
body chamber. 

The upper part of the umbilical wall bears 12 to 16 rather broad, low ribs which 
terminate on the umbilical shoulder in acute tubercles. From the tubercles pass 
bundles of ribs. On the posterior part of the outer whorl the ribs are low, narrowly 
rounded, grouped in bundles of three or four, incline slightly forward on the flanks 
but cross the venter transversely, and thin slightly along the mid-ventral line. Some 
ribs begin slightly above the zone of tubercles. About midway on the outer whorl, 
at a diameter of 15 mm., the sculpture changes markedly. On the anterior part 
the ribs become fairly strong, have broad bases and narrow summits, are grouped 
in bundles of three, or rarely two, incline slightly forward, and terminate ventrally 
in pronounced, broad tubercles which bound a smooth ventral furrow. The ventral 
tubercles are rarely connected to the umbilical tubercles by single ribs, but com- 
monly by two ribs in the same bundle, or in adjacent bundles, thereby tending to 
produce a zigzag arrangement. Rarely, a rib ends on the venter between two tuber- 
cles. The interspaces are much wider than the ribs. About four constrictions per 
whorl. 

The suture line, shown only on the holotype, is poorly preserved and is probably 
more frilled than the figure indicates. The first lateral lobe is slightly deeper than 
the siphonal lobe. The saddles are about as wide as the lobes and are not divided 
by secondary lobes. 

Greatest diameter of holotype 19.5 mm.; width of umbilicus 6 mm.; height of 
last whorl 7.5 mm.; thickness of last whorl 115 mm. 

Remarks: Compared with C. casitensis Imlay the outer whorl is less widely um- 
bilicated, the umbilical wall less steep, the umbilical tubercles less prominent and 
numerous, the rib bundles contain more ribs, and the flank ribs more commonly 
pursue a zigzag course. 

Type: Holotype (U. M. 19040), paratypes (U. M. 17942, 18180, 15419), Museum 
of Paleontology, University of Michigan. 

OccurrRENCE: Taraises formation, lower and middle parts of upper member. Locali- 
ties 18 (holotype), 58, and 8 (unit 2), Sierra de Parras, Coahuila, Mexico. 


Ceratotuberculus casitensis Imlay, n. sp. 
(Plate 5, figures 7-10) 


Description: This species is represented by nineteen pyritized fragments which 
show the various stages of growth with the exception of the body chamber. 

Shell small, discoidal; inner whorls evolute; outer whorls more or less strongly 
embracing; whorl section subovate, wider than high but becoming relatively higher 
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during growth; venter broadly rounded on inner whorls, arched on outer whorls. 
Umbilicus very wide in early stages, fairly wide in adult; umbilical wall at first 
rounding evenly into the flanks, later steeply inclined and separated from flanks 
by an abruptly rounded shoulder. 

The characteristics of the early stages of growth are known only from paratype 
(18177) (Pl. 5, fig. 8). The three innermost whorls are coiled serpental with the 
outer whorl embracing about one-fourth and the inner whorls less. On the third 
whorl at a diameter of 10 mm., the umbilical width is 45 mm., the whorl height 
is 3.5 mm., and the whorl thickness is 48 mm. The umbilical wall rounds evenly 
into the flanks which round evenly into the venter. The innermost whorl is smooth 
to a diameter of about 25 mm. The next whorl to a diameter of 4.7 mm. bears 
three forwardly inclined constrictions and then appear umbilical tubercles. The 
third whorl bears four fairly strong constrictions, tiny umbilical tubercles, and at 
a diameter of 6.5 mm. ribs appear. The ribs are rounded, strong, originate in pairs 
from the umbilical tubercles, and pass nearly radially across the venter. The ante- 
rior rib of each pair is inclined slightly forward at its base. Between most rib pairs 
occur single intercalary ribs which begin slightly above the zone of the tubercles. 
Faint umbilical ribs begin on the anterior end of the third whorl. 

A fourth whorl, shown on all the types, is somewhat different from the inner 
whorls. The whorl section becomes relatively higher, the umbilical wall high and 
nearly vertical, the umbilical shoulder abruptly rounded, the flanks less convex, the 
venter narrower, and the whorl embraces about three-fourths of the preceding. A 
ventral furrow appears at a diameter between 15 and 20 mm. The umbilical wall 
bears about 16 or 17 prominent ribs which start from the suture and terminate in 
prominent, acute, umbilical tubercles. The flank ribs are high, have broad bases 
and narrow summits, incline slightly forward, pass in bundles of two’s and three’s 
from the umbilical tubercles, and terminate ventrally in high broad tubercles which 
border a narrow, smooth, ventral furrow. On the anterior end of the holotype not 
every flank rib terminates in an individual ventral tubercle, but, in places two ribs 
from the same bundle, or adjacent bundles, terminate in a common ventral tubercle. 
The largest specimens have been so compressed that measurements are of no value. 

Tyre: Holotype (U. M. 18178), paratypes (U. M. 18177, 18179), Museum of Pale- 
ontology, University of Michigan. 

OccurRENcE: Taraises formation, lower part of upper member. Localities 18 
(holotype) and 58, Sierra de Parras, Coahuila, Mexico. 


Spitidiscus Kilian 1910 
Spitidiscus boesei Imlay, n. sp. 
(Plate 5, figures 13-15) 


Description: The species is represented by one pyritized specimen which has been 
crushed laterally. Its shape is similar to S. kesleri Imlay, but its umbilicus is 
slightly wider, its umbilical wall is a little higher, and its whorl section narrower. 

Surface ornamented with low, broad, flexuous ribs which begin at the line of 
involution, pass onto the umbilical shoulder, curve forward strongly to the middle 
of the flanks, then recurve and cross the venter transversely. Bifurcation and 
trifureation are common on the lower part of the flanks but exceptionally some 
ribs remain single. Ribs of variable strength but become considerably coarser 
ventrally and anteriorly. Interspaces are wider than ribs. About eight constrictions 
per whorl. About 60 ribs on venter of outer whorl. 
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Remarks: This species is distinguished from S. kesleri Imlay by having fewer and 
coarser ribs and fewer single ribs. 

Type: Holotype (U. M. 19009), Museum of Paleontology, University of Michi- 
gan. 

OccurrENce: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Spitidiscus kesleri Imlay, n. sp. 
(Plate 5, figures. 11, 12) 


Description: The genus is represented by only one pyritized specimen which has 
been somewhat crushed laterally. ; 

Shell small, discoidal, compressed, involute; whorl ovate in section, probably a 
little higher than wide before crushing, embracing about five-sixths; venter highly 
arched; flanks gently convex, tending to become flattened on outer whorl. Um- 
bilicus small, wall vertical, shoulder abruptly rounded. 

Surface ornamented with low, flexuous ribs and pronounced constrictions. The 
ribs begin faintly on the upper part of the umbilical wall, pass onto the umbilical 
shoulder, curve forward strongly to the middle of the flanks, then recurve and cross 
the venter transversely. Bifurcation and trifurcation are common on the lower part 
of the flanks but some ribs remain single. The ribs are of variable strength, are 
stronger on the venter than on the flanks, and become fairly coarse at the anterior 
end of the shell. Interspaces are wider than ribs. About ten constrictions per 
whorl. 

Remarks: This species is distinguished by its numerous constrictions and the 
coarseness of the ribbing at the anterior end of the shell. S. intermedius d’Orbigny 
(1840-1841, p. 128, pl. 38, figs. 5-6) is more compressed, has fewer constrictions, and 
is less involute. S. alcoyensis Nickles (1890, p. 18, pl. 2, figs. la, b) has a similar 
form, but the ornamentation is considerably different. 

The species is named in honor of Alfred Kesler; an American who has lived many 
years in Parras. 

Type: Holotype (U. M. 17949), Museum of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Locality 18, Sierra 
de Parras, Coahuila, Mexico. 


Saynoceras Munier-Chalmas, 1893 


Saynoceras americanum Imlay, n. sp. 
(Plate 7, figures 8-11; text figure 4) 


Description: This species is represented by one pyritized specimen whose anterior 
end shows the beginning of the body chamber. 

Shell small, involute, globose; outer whorl subcircular in section, much wider 
than high, strongly embracing; venter broadly rounded, somewhat flattened at 
anterior end; flanks narrow at posterior end of outer whorl but becoming a little 
broader anteriorly, inclined gently toward the umbilicus. Umbilicus narrow and 
deep; wall high, overhanging at base, vertical in middle, rounding abruptly above. 

The sculpture of the outer whorl changes radically from the posterior to the 
anterior end. The extreme posterior end bears only faint radial striae. The re- 
mainder of the outer whorl bears ribs and lateral and ventral tubercles which 
become markedly stronger anteriorly. About thirteen narrow ribs begin low on the 
umbilical wall and terminate ventrally in lateral tubercles. From these tubercles 
pass pairs of broad, low ribs which connect with the ventral tubercles in zigzag 
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fashion. The space between the ventral tubercles is almost smooth but shows broad 
ribs which connect the tubercles in zigzag fashion. The tendency toward a zigzag 
arrangement becomes more conspicuous anteriorly, and, concomitantly, the lateral 
tubercles become offset in relation to the ventral tubercles, and the two rows of 
ventral tubercles become offset in relation to each other. 

The suture line was drawn from the posterior end of the outer whorl. The lobes 
are wider than the saddles and are nearly symmetrical. The siphonal lobe is deep. 
The first and second lateral lobes have a tripartite arrangement. The saddles are 
fairly narrow and decrease regularly to the line of involution. The narrowness of 
the sutural elements contrasts with those of Saynoceras verrucosum d’Orbigny 
(1840-1841, pl. 58, fig. 3) and is more like that of S. hirsutum Sayn as figured by 
Fallot and Termier (1923, fig. 15). There is an even greater resemblance with the 
suture line of Astieridiscus hispanicus Mallada at a diameter of 10 mm., as figured 
by Nicklés (1890, pl. 4, fig. 5). 

Greatest diameter of holotype 10.7 mm.; width of umbilicus 13 mm.; height of 
last whorl 5 mm.; thickness of last whorl 8 mm. 

Type: Holotype (U. M. 19084), Museum of Paleontology, University of Michigan. 

OccurRENCE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Acanthodiscus Uhlig 1905 emend. Spath 1921 


Acanthodiscus magnificus Imlay, n. sp. 
(Plate 9, figures 1, 2, 7, 8; Plate 13, figure 4; text figure 3) 


Description: The description is based on eight specimens. 

Shell large, discoidal; whorl section subhexagonal, somewhat higher than wide, 
embracing about one-third but becoming more involute with age; lower part of 
flanks nearly flat, upper part convex and sloping gently to the truncated venter 
which is broad and slightly convex. Umbilicus fairly wide and moderately deep; 
wall vertical or slightly overhanging on larger whorls, steeply inclined on inner 
whorls; shoulder rather abruptly rounded. 

Only three outer whorls are known. On the innermost whorl (PI. 9, fig. 1, 2) the 
ornamentation consists of pronounced tubercles and ribs. The tubercles are arranged 
in three zones, umbilical, lateral, and ventral. The lateral tubercles are largest, and 
both the lateral and the umbilical must have borne long spines. The ventral 
tubercles are much less prominent. From the umbilical tubercles pass commonly 
single, strong flank ribs which terminate in lateral tubercles slightly above the mid- 
dle of the flanks. From the lateral tubercles pass pairs of ribs which incline slightly 
forward to the venter. Between successive lateral tubercles there are ordinarily 
two moderately strong intercalary ribs which begin on the umbilical wall and extend 
to the venter without forming lateral tubercles although they may be somewhat 
strengthened along the zone of lateral tubercles. Rarely, one of the intercalary ribs 
is faintly connected at its base with an umbilical tubercle. All ribs are of nearly 
equal strength on the venter where they terminate in tubercles which bound a 
smooth mid-ventral area. 

On the outer two whorls the ornamentation is similar to that on the whorl de- 
scribed, except that ribs are more numerous. The umbilical tubercles mark the ter- 
minations of broad, low umbilical ribs and give rise to pairs of flank ribs. The 
posterior ribs of the pairs are much the strongest and terminate in the lateral 
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tubercles. The weaker anterior ribs are more or less loosely connected with the 
umbilical tubercles, pass to the venter without branching, and become slightly 
swollen as they pass close to the lateral tubercles. From the lateral tubercles pass 
bundles of three ribs. In addition, between successive lateral tubercles there are 
ordinarily two moderately strong intercalary ribs of which one begins near the mid- 
dle of the flank directly behind, and rarely connected with, the lateral tubercles, 
and the other begins just above the umbilical shoulder. All ribs trend nearly radi- 
ally to the middle of the flanks, and then incline slightly forward to the venter, 
which they cross transversely with only slight diminution. 


Dimensions in mm., are as follows: 
Whorl Whorl Umbilical 


‘Diameter height thickness width 


holotype (17989) anterior end ............... 39.5 370 


Remarks: This species differs from <A. grossiornatus Imlay principally in its 
lower whorl section and finer ribbing on the inner whorls. 

Type: Holotype (U. M. 17989), paratype (U. M. 18352, 19028), University of 
Michigan, Museum of Paleontology. 

OccurrRENCE: Taraises formation, ranges from lowest beds to middle beds of 
upper member. Localities 12 (holotype), 18, 58, and 8 (unit 2), Sierra de Parras, 
Coahuila, Mexico. 


Acanthodiscus coahuilensis Imlay, n. sp. 


(Plate 9, figures 3-6, 9, 10) 


Description: The description is based on four internal molds which probably 
do not include an adult form. 

Form stout, discoidal; whorls suboctagonal in section, higher than wide, embracing 
about one-fourth; lower part of flanks nearly flat, upper part convex and sloping 
rather steeply to venter; venter truncated, wide; umbilicus moderately wide, wall 
vertical, shoulder abruptly rounded. 

Shell ornamented with moderately strong ribs and tubercles. The lateral tubercles 
are the strongest; then the ventral and the umbilical respectively. The ribs 
originate singly or in pairs from umbilical tubercles. In the case of pairs, the pos- 
terior rib is slightly stronger and terminates in the lateral tubercles, from which 
pass two branch ribs. The anterior ribs of the pairs, and the single ribs, remain 
simple. In the early stages there are from one to three simple ribs between 
branched ribs, but on specimens the size of the holotype, alternation is fairly regu- 
lar. Many of the simple ribs are slightly swollen along the zone of the lateral tu- 
bercles. All ribs broaden and are of equal strength on the upper part of the 
flanks and terminate ventrally in broad tubercles which bound a broad, smooth mid- 
ventral area. 

Remarks: This species differs from A. magnificus Imlay by having a relatively 
broader venter, stronger ventral tubercles, and a tendency for the intercalary ribs 
to become fewer during development. 

Type: Holotype (U. M. 17862), paratypes (U. M. 17997, 18004, 18262), Museum 
of Paleontology, University of Michigan. 

OccurreNce: Taraises formation ranges through lower part of upper member. 
Localities 8 (holotype from unit 2) and 12 (basal bed), Sierra de Parras, Coahuila, 


Mexico. 
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Acanthodiscus grossiornatus Imlay, n. sp. 


(Plate 11, figure 9; plate 12, figure 5; text figure 3) 


Description: Form discoidal;. whorls embracing nearly one-third; inner whorls 
increase slowly in size, outer whorl increases rather rapidly; inner whorls elliptical 
in section, nearly twice as high as wide; other whorl sub-trapezoidal in section, 
much higher than wide, with somewhat flattened flanks and truncated, flattened 
venter. Umbilicus moderately wide and deep, walls vertical and fairly high, shoulder 
abruptly rounded. 

Three whorls are visible on the holotype. On the two inner whorls the orna- 
mentation of the venter is unknown, but the flanks bear prominent umbilical and 
lateral spines connected by fairly strong ribs. On the second whorl some of the lat- 
eral spines are about two-fifths of an inch in length, which suggests an even greater 
height for the spines that once adorned the outer whorl. On the inner whorls the 
lateral spines outnumber the umbilical spines about three per whorl. In addition 
to the main connecting ribs there are faint subsidiary ribs which start from the 
umbilical tubercles and commonly from their anterior sides. 

The outer whorl is marked by strong umbilical and lateral spine bases, and much 
weaker ventral spine bases. The ribbing is strong, slightly flexuous, and tends 
to become stronger anteriorly. Strong ribs start singly or in pairs from the umbilical 
spines. Most of the single ribs and the posterior ribs of the pairs terminate in 
lateral spines, from which pass bundles of two or three slightly weaker ribs that 
become stronger on the ventral shoulder. Between adjacent lateral spines are two 
or three single ribs which begin below, or at the middle of, the flanks and become 
as strong as the other ribs on the ventral shoulder. All ribs cross the venter but 
are considerably reduced. The suture line is unknown. 

Type: Holotype (U. M. 17975), Museum of Paleontology, University of Michigan. 

Occurrence: Taraises formation, middle part of upper member. Locality 58, 
Sierra de Parras, Coahuila, Mexico. 


Acanthodiscus lamparensis Imlay, n. sp. 
(Plate 10, figures 1, 5-7; text figures 3 and 4) 


Description: The species is represented by nine internal molds, of which five 
are pyritized. Form large and stout; whorls subhexagonal in section, increasing 
rather slowly in size, embracing about one-fourth; inner whorls wider than high, 
outer whorls higher than wide; lower part of flanks nearly flat, upper part slopes 
steeply to the truncated and nearly flattened venter. Umbilicus wide, wall nearly 
vertical, shoulder evenly rounded. 

The earliest known stages are shown by Paratype U. M. 19020 (PI. 10, fig. 5). 
The innermost whorl is nearly destroyed but shows an hexagonal cross-section and 
traces of ribbing. The second whorl bears narrow ribs which start singly at the 
line of involution, become stronger ventrally, and form tiny tubercles slightly above 
the middle of the flanks. On the third whorl, some low ribs begin faintly at the line 
of involution and swell into tubercles on the umbilical shoulder. From these tu- 
bercles, stronger ribs pass radially to strong spines situated slightly above the middle 
of the flanks, and from the latter pass one or two branch ribs which incline forward 
and terminate in strong ventral spines which bound a smooth ventral area. Com- 
monly, between successive trituberculated ribs is a single rib which begins faintly 
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on the umbilical wall, or on the lower part of the flanks, becomes stronger on the 
upper part of the flanks, and terminates in a strong ventral spine. 

On the holotype, large umbilical, lateral, and ventral spines of nearly equal 
strength are connected by strong ribs in the same manner as on the specimen 
just described. The ventral spines outnumber the lateral spines and give rise to 
ribs which incline backward and either faintly connect with the lateral tubercles 
or end on the flanks between the tubercles. At the anterior end of the outer whorl, 
there are two ventral spines for every lateral spine. On the next two whorls 
(Pl. 10, fig. 1) the ornamentation of the flanks is essentially the same, and that of 
the venter is unknown. Remnants of the lateral spines on the next to the largest 
whorl are about half an inch in length. 

The suture line, drawn at a whorl height of 8 mm., shows the general pattern 
characteristic of Acanthodiscus. The external saddle is, however, rather narrow. 

Type: Holotype (U. M. 16430), paratypes (U. M. 19020, 17861, 17834), Museum 
of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, ranges through lower part of the upper member. 
Localities 8 (unit 2), 12, and 58, Sierra de Parras, Coahuila, Mexico. 


Acanthodiscus bernii Imlay, n. sp. 


(Plate 4, figures 4-9; text figure 4) 


Description: This species is represented by six specimens which probably do not 
include the adult form. Four inner whorls are shown on paratype 17920 and the 
holotype. A fifth whorl is shown on paratype 19023. Whorl section subhexagonal, 
wider than high; inner three whorls up to a diameter of 14 mm. barely embracing, 
fourth whorl embracing about one-fourth, fifth whorl embracing one-third; flanks 
highly convex; venter arched on the three inner whorls, broadly rounded on the 
outer whorls. Umbilicus shallow and fairly wide; wall inclined about 45 degrees 
on the four inner whorls, very steep on the fifth whorl, rounding evenly into flanks, 

Innermost whorl smooth. Ribs and constrictions begin at a diameter of about 
13 mm. Only single ribs occur at first, but forked ribs appear at a diameter of 
about 3 mm. and in later stages become common, being separated by one to three 
single ribs on the fourth whorl and by one or two single ribs on the fifth whorl. 
Ribs extend nearly radially from the line of involution to a ventral groove. Rib- 
bing strong but variable, and the bifurcating ribs tend to be most prominent. On 
the inner four whorls, bifurcation occurs at various heights from the line of involu- 
tion to slightly above the middle of the flanks. On the fifth whorl, bifurcation 
occurs on the umbilical shoulder and one or both branches may bifurcate or tri- 
furcate at the middle of the flanks. The furcation points are thickened and on 
the fourth and fifth whorls bear prominent spines. The ventral terminations of 
the ribs are inclined slightly forward, most of them are thickened, and some are 
tuberculated. The ventral groove is narrow. It is crossed by ribs on the inner 
whorls but becomes fairly broad and smooth on the fifth whorl. There are about 
six or seven constrictions per whorl. 

The suture line was drawn at a whorl height of 18 mm. The lateral lobes consist 
of two unsymmetrical branches. The first lateral lobe is moderate in width for 
the genus and is longer than the siphonal lobe. The second lateral lobe is shorter 
than the first, trends parallel to it, and has rather stout terminal branches. The 
external saddle is broad and is divided by a secondary lobe into a large outer, and 
a small inner, part. The first lateral saddle is broad, not deeply incised, and is 
subdivided by a rather short accessory lobe. 
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Dimensions in mm. are as follows: 
Whorl Whorl Umbilical 
Diameter height thickness width 


Remarks: This species is named in honor of Carl Bernius who wrote a small 
geographic monograph on Das Becken Von Parras. 

Typz: Holotype (U. M. 17943), paratypes (U. M. 17920, 19023), Museum of Pale- 
ontology, University of Michigan. 

OccurrENcE: Taraises formation. Ranges through lower part of the upper mem- 
ber. Localities 18, 58, 8 (unit 2), and 12 (basal bed), Sierra de Parras, Coahuila, 
Mexico. 

Distoloceras Hyatt 1903 


Distoloceras nodosum Imlay, n. sp. 
(Plate 13, figure 3) 


Description: This species is represented by one specimen whose form and sculp- 
ture are similar to D. parritense Imlay. The sculpture of the inner whorl is some- 
what finer than on D. parritense at a comparable size. The outer whorl is distin- 
guished by more differentiated and closely spaced ribs, and by much greater prom- 
inence of the tubercles. 

Remarks: D. rémeri (Neumayr and Uhlig) (1881, p. 187, pl. 42, fig. 1, pl. 55, 
pl. 56) has similar sculpture to D. nodosum but is uncoiled. 

Tyre: Holotype (U. M. 17998), Museum of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, middle part of upper member. Locality 58 
Sierra de Parras, Coahuila, Mexico. 


Distoloceras laticostatum Imlay, n. sp. 


(Plate 15, figures 1-3, 5-10, 13) 


Description: The following description is based on eleven specimens of which 
most are preserved as pyrite. 

Form compressed, discoidal; whorls increasing gradually in size; whorls elliptical 
in section, much higher than wide, embracing slightly; flanks wide and flattened; 
venter narrow. Umbilicus moderately wide and shallow; shoulder evenly rounded 
in early stages, vertical in adult. 

Innermost whorls smooth. Ribs appear at a diameter of about 2 mm. Both 
single and bifurcating ribs occur in about equal numbers and without regular alter- 
nation up to a diameter of 12 mm. At greater diameters single ribs predominate. 
In general, bifurcation takes place near the umbilical suture or near the middle 
of the flanks. Ribs slightly falciform, inclined slightly forward; on inner whorls 
slender, high, and terminating ventrally in high, narrow tubercles; on outer whorls 
narrow near umbilicus, broad ventrally, becoming flat-topped on upper parts of 
flanks and terminating ventrally in broad tubercles of varying prominence. Mid- 
ventral area is narrow, smooth, and slightly impressed. On outer whorl of holotype 
a few ribs bear umbilical and lateral spines. Slight constrictions present on three 
innermost whorls. Suture line unknown. 
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Type: Holotype (U. M. 17886), paratypes (U. M. 17946, 17931, 17959, 17987), 
Museum of Paleontology, University of Michigan. 

OccurRENCE: Taraises formation, lower part of upper member. Localities 8 (holo- 
type from unit 2), 18, and 58, Sierra de Parras, Coahuila, Mexico. 


Distoloceras capulinense Inlay, n. sp. 
(Plate 13, figures 1, 2, 5) 


Description: This species is represented by nine fragments. Although the internal 
whorls are imperfectly known, the sculpture of the outer whorls is distinctive. 

Form discoidal, compressed; outer whori slightly embracing next inner whorl; 
whorl section elliptical, much higher than wide; flanks flattened; venter narrowly 
rounded; umbilical wall steep but rounding gently into flanks. 

The ornamentation consists of fairly prominent trituberculate ribs between which 
lie from one to three less prominent ribs with only ventral tubercles or ventral 
and umbilical tubercles. Most of the ribs rise singly from tubercles on the umbilical 
wall, a few bifurcate from tubercles and a few begin singly between tubercles. From 
the umbilicus the ribs trend almost radially to a point slightly above the middle 
of the flanks where the smaller ribs become swollen and the larger ribs give rise to 
fairly prominent tubercles, then curve strongly forward to the venter, and terminate 
in broad tubercles which bound a narrow, smooth, mid-ventral area. On the anterior 
end of the holotype and on larger specimens some of the ribs branch at the lateral 
tubercles. 

Tyre: Holotype (U. M. 18263), paratypes (U. M. 17895), Museum of Paleon- 
tology, University of Michigan. 

OccurrENCE: Taraises formation, lower part of upper member. Holotype from 
Cafién Alamo in the Sierra de Jimulco. Paratypes from localities 8 (lower part of 
unit 1) and 12, in the Sierra de Parras, Coahuila, Mexico. 


Distoloceras irregulare Imlay, n. sp. 
(Plate 14, figures 3, 5, 8-11) 


Description: The species is represented by five fragments. 

Form discoidal, compressed; whorls barely embracing; whorl section elliptical, 
much higher than wide; flanks flattened; venter narrowly rounded. Umbilicus 
wide, wall steep at base but rounding evenly into flanks. 

The ornamentation of the smaller fragments consists of fairly strong, trituberculate 
ribs between which lie two or three somewhat weak trituberculate ribs. All ribs 
begin singly. Most of them begin at the suture, but some of the weak ribs begin 
on the lower part of the flanks. Their course is decidedly falciform in the early 
stages but becomes straighter during development. 

On the larger fragments, such as the holotype, the ribs are more differentiated 
and variably spaced, and their course is nearly radial. The umbilical and lateral 
tubercles become less prominent during development and are reduced to mere swell- 
ings. On the anterior end of the holotype the mid-ventral area disappears and the 
flank ribs meet along the venter to form spinose projections. 

Remarks: This species is distinguished from D. capulinense Imlay by more-differ- 
entiated, wider-spaced, more-tuberculate ribs, and by its narrower venter. 

Type: Holotype (U. M. 17913), paratypes (U. M. 18355, 17892), Museum of Pale- 
ontology, University of Michigan. 

OccurrENcE: Taraises formation, middle part of upper member. Localities 10 
(holotype) and 8 (units 1 and 2), Sierra de Parras, Coahuila, Mexico. 
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Distoloceras parritense Imlay, n. sp. 
(Plate 14, figures 1, 2, 4, 6, 7) 


Description: This species is represented by thirty-seven specimens of which nine- 
teen are pyritized. Form discoidal; whorls ovate in section, higher than wide, em- 
bracing slightly; flanks somewhat flattened, venter rather narrow. Umbilicus wide 
and shallow, wall rounding evenly into flanks. 

The earliest stages are unknown, but at a diameter of a few millimeters the shell 
is ornamented with constrictions and falciform ribs. The ribs originate simply at 
the suture, and about half of them bifurcate slightly below the middle of the flanks. 
At diameters greater than about 10 mm., single ribs predominate, and most of the 
bifurcation occurs near the line of involution. All ribs are narrow at the suture. Up 
to a diameter of about 10 mm., the constrictions are faint, the ribs slender on the 
venter and terminate in tiny tubercles which bound a narrow, smooth mid-ventral 
area. On the next whorl, up to a diameter of 16 mm., there are five or six strong 
constrictions, all the ribs broaden on the upper part of the flanks, and every con- 
striction is preceded by a rib which is much broader than the others and terminates 
ventrally in a more-pronounced tubercle. At greater diameters the ribs become 
differentiated into two sizes, one large and tuberculate, the other weak and non- 
tuberculate except on the venter. On specimens the size of the holotype the large 
ribs may be adjacent or separated by one to four of the smaller ribs. Most of the 
small ribs begin simply at the line of involution, but some start from the umbilical 
tubercles of the large ribs, and a few start from the lateral tubercles. Some small 
ribs terminate in the lateral tubercles. During development the ventral tubercles 
appear first, then the lateral and the umbilical respectively. Their relative prom- 
inence is of the same order, but on the adult all are large. The suture line is 
unknown. 

Type: Holotype (U. M. 17883), paratypes (U. M. 17990, 18359, 17882), Museum of 
Paleontology, University of Michigan. 

OccurRENcE: Taraises formation, ranges through ene part of upper member. 
Localities 8 (holotype), 50, and 58, Sierra de Parras, Coahuila. One specimen (17941) 
from bed 5 of section on west flank of San Lazaro Anticline near San Lazaro, Nuevo 
Leén, Mexico. 


Hoplitides v. Koenen 1902, emend. Sayn, 1907 
Hoplitides? multicostatus Imlay, n. sp. 
(Plate 12, figures 9, 10; text figure 3) 


Description: Form discoidal, compressed, whorls increasing rapidly in size; whorl 
subhexagonal in section; greatest thickness near middle of flanks; lower part of 
flanks nearly flat, upper part slopes gently toward venter which is truncated. Um- 
bilicus fairly wide for genus, wall vertical, shoulder abruptly rounded. 

Inner whorls poorly preserved but appear to be ornamented by strong, simple ribs. 
On outer whorl, strong ribs start singly or in pairs from small umbilical tubercles, 
or begin on the upper part of the umbilical wall without tubercles. From the 
umbilicus the ribs trend nearly radially to the middle of the flanks, where about 
half of them divide into two branches which incline forward to the venter. Branch- 
ing ribs tend to alternate with simple ribs. The branching points are marked by 
strong tubercles, and the corresponding points on the simple ribs are marked by 
similar or somewhat weaker tubercles. The ribs terminate ventrally in rather pro- 
nounced tubercles which are elongated transversely to a wide ventral area on which 
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the continuations of the ribs are discernable. Constrictions pronounced. Suture 
line poorly preserved. 
Type: Holotype (U. M. 16969), Museum of Paleontology, University of Michigan. 
OccurRENCE: Taraises formation, lower member. About 100 feet from base of 
formation at locality 8, Sierra de Parras, Coahuila, Mexico. 


Neocomites Uhlig 1905 emend Spath 1921 


Neocomites kellumi Imlay, n. sp. 
(Plate 11, figures 1-4; text figure 3) 


Description: This species is represented by numerous fragments. The body 
chamber is unknown. 

Form discoidal; outer whorl sub-trapezoidal in section, slightly higher than wide 
at posterior end, much higher than wide at anterior end, embracing preceding whorl 
about one-half. Lower part of flanks flattened at all stages; upper part of flanks 
slopes fairly steeply to venter on inner whorls but is gently inclined on outer whorl. 
Venter truncated, wide, and slightly excavated. Umbilicus moderate in width, be- 
coming relatively narrower as shell increases in size; wall vertical on outer whorl; 
shoulder abrupt. 

On the outer two whorls, low, thick ribs begin on the umbilical wall, become 
slightly tuberculiferous on the umbilical shoulder, and then on the flanks pass into 
bundles of two, rarely three, prominent falciform ribs of which the majority bi- 
furcate near, or slightly below, the middle of the flanks. Some of the branches are 
faintly connected. A few ribs begin faintly on the umbilical shoulder. Thickenings 
or tiny tubercles occur at the bifurcation points, as well as at similar positions on 
the simple ribs, but disappear on the anterior half of the outer whorl of the holotype. 
The ventral terminations of the ribs are tuberculiferous and transverse to the 
venter. 

Remarks: N. kellumi Imlay resembles N. neocomiensis d’Orbigny, especially the 
variety N. subquadrata Sayn (1907, p. 31, pl. 3, fig. 12) which, however, appears to 
have a slightly higher whorl section and a narrower venter. 

Type: Holotype (U. M. 17880), paratype (U. M. 17953), Museum of Paleontology, 
University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Localities 8 
(unit 2), 18, and 58, Sierra de Parras, Coahuila, Mexico. 


Neocomites anfractus Imlay, n. sp. 


(Plate 10, figures 8, 9) 


Description: This species is represented by one pyritized specimen which shows 
part of an outer whorl. 

Form discoidal; evolute; whorl increasing moderately in size, barely embracing 
preceding whorl; whorl section sub-octagonal at posterior end but becoming sub- 
ovate at anterior end, higher than wide; lower part of flanks flattened, upper part 
inclined to truncated venter which is moderately wide and slightly excavated. 
Umbilicus fairly narrow, wall steeply inclined, shoulder rather abruptly rounded. 

Shell marked by three rows of tubercles and moderately weak ribs. The ventral 
tubercles are strong and spinate; the umbilical tubercles are broad and weak; the 
lateral tubercles are strong at the posterior end of the holotype but nearly disappear 
at the anterior end. From the umbilical tubercles pass pairs, or rarely single, low 
ribs of which the anterior rib is commonly slightly stronger. On the posterior part 
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of the holotype, the anterior rib of each pair terminates in a lateral tubercle from 
which pass two branch ribs. On the anterior part of the holotype, the anterior rib 
of each pair becomes slightly swollen at the zone of lateral tubercles but remains 
simple. All the ribs trend radially on the lower part of the flanks, curve backward 
slightly above the lateral tubercles, and then curve forward to the ventral tubercles. 
On the posterior end of the holotype the posterior rib of each pair terminates at 
the same ventral tubercles as the succeeding branch rib, and on the anterior end 
each rib pair commonly terminates in the same ventral tubercle. Rarely, three ribs 
terminate in a single ventral tubercle. The various relations of ribs to tubercles 
thereby produce a zigzag arrangement. 

The suture line is not sufficiently preserved to figure but is very similar to that 
of N. parritensis Imlay. 

Diameter of holotype (estimated) 46 mm.; width of umbilicus 115 mm.(?); 
height of last whorl 22 mm.; thickness of last whorl 17 mm. 

Remarks: This species is closest related to N. parritensis Imlay but may be readily 
distinguished by its ornamentation. 

Tyre: Holotype (U. M. 19037), Museum of Paleontology, University of Michigan. 

OccurrENCcE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Neocomites acuticostatus Imlay, n. sp. 


(Plate 10, figures 2, 10) 


Description: This species is represented by two pyritized specimens. 

Form discoidal; outer whorl sub-trapezoidal in section, much higher than wide, 
embracing about one-eighth. Lower part of flanks flattened, upper part slopes 
gently to venter. Venter truncated, moderate in width, slightly excavated. Um- 
bilicus moderate in width; wall nearly vertical on inner whorl, vertical on outer 
whorl; shoulder rounded on inner whorls, abrupt on outer whorl. 

The innermost whorl (PI. 10, fig. 10), probably the fourth, is marked by strong, 
acute, rather widely spaced, radially trending ribs which begin faintly at the line 
of involution, bear tiny tubercles on the umbilical shoulder, and bear broad tubercles 
about three-fifths the way up the flanks. These tubercles probably mark the 
branching points of ribs. 

On the outer two whorls the umbilical wall bears low, thick ribs which end in 
tubercles on the umbilical shoulder. From the tubercles pass bundles of two, or 
rarely three, high, narrow, slightly falciform ribs. In each bundle, one rib com- 
monly bifurcates near the middle of the flank. Between ti rib bundles are other 
ribs which begin on the umbilical wall, do not become tuberculiferous on the 
shoulder, and may remain simple or may bifurcate on the flanks. Thickenings occur 
at the bifurcation points. The ventral terminations of the ribs are tuberculiferous 
and transverse to the venter. 

Remarks: N. acuticostatus Imlay resembles N. kellumi Imlay but has a narrower 
venter, a less inflated form, higher and narrower ribs, and more simple ribs. 

Tyre: Holotype (U. M. 19029), paratype (U. M. 17929), Museum of Paleontology, 
University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 
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Neocomites parritensis Imlay, n. sp. 
(Plate 10, figures 3, 4; text figure 4) 


Description: This species is represented by three pyritized specimens. 

Form discoidal; evolute; whorls increasing fairly slowly in size, embracing about 
one-sixth; outer whorl sub-octagonal in section, slightly higher than wide; inner 
whorls subcircular in section, wider than high; lower part of flank flattened, upper 
part slopes fairly steeply to truncated venter. Venter of outer whorl moderately 
wide, and slightly excavated; venter of inner whorls is wide and rather deeply 
excavated. Umbilieus moderate in width for genus; wall steeply inclined; shoulder 
rather abruptly rounded on outer whorl, more gently rounded on inner whorls. 

Innermost whorl smooth; second whorl with faint, widely spaced ribs; third and 
fourth whorls marked with single, widely spaced ribs which begin faintly on um- 
bilical wall, are inclined slightly forward, become stronger ventrally, and terminate 
in inflated tubercles. Tiny umbilical tubercles appear on the fourth wall. Outer 
whorl marked by broad, faint ribs which begin at the suture, then incline slightly 
backward, and terminate in low swellings on the umbilical shoulder. From these 
swelling pass bundles of two, rarely three, fairly prominent, falciform ribs of which 
about half bifurcate a little above the middle of the flanks. Other ribs share the 
same characteristics on the flanks, but rise faintly on the umbilical shoulder between 
the swellings. The bifurcation points are marked by swellings. The ventral termi- 
nations of the ribs are swollen and tubercular, and bound a fairly smooth mid- 
ventral area which is marked faintly by rib continuations. 

The suture line is not very frilled but shows the general plan of the Neocomitids. 

Remarks: This species is distinguished from N. kellumi Imlay by its more inflated 
form, less steeply inclined umbilical wall, fewer bifurcating ribs, and coarser orna- 
mentation on internal whorls. 

Type: Holotype (U. M. 18259), paratype (U. M. 19035), Museum of Paleontology, 
University of Michigan. 

OccurRENCE: Taraises formation, lower part of upper member. Localities 18 and 
58, Sierra de Parras, Coahuila, Mexico. 


Leopoldia K. Mayer 1887 
Leopoldia victoriensis Imlay, n. sp. 
(Plate 12, figures 1-4; text figure 4) 


Description: This species is represented by 25 specimens of which 23 are pyritized. 
Form fairly involute; outer whorls much higher than wide; whorls embracing about 
three-fifths; flanks nearly flat, lower three-fourths swollen on adults; venter fairly 
narrow, slightly convex, and smooth except on the adult whorl. Umbilicus narrow 
and shallow, wall vertical, shoulder angular. 

Shell marked by strongly falciform ribs. On the innermost known whorl (PI. 12, 
fig. 3) the ribs originate singly on the umbilical shoulder, either remain simple or 
bifureate near the middle of the flanks, and terminate ventrally in tiny tubercles 
which bound a narrow, smooth mid-ventral area. Other ribs begin on the middle 
of the flanks and extend to the mid-ventral area. On the outer whorls, most ribs 
originate singly, rarely doubly, in blunt thickenings on the umbilical shoulder; 
others begin higher up on the flanks; and nearly all bifureate slightly above the 
middle of the flanks. On the inner whorls the ribs are distinct, but on the outer 
whorls they become broad and indistinct on the lower three-fourths of the flanks. 
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The ventral terminations are inclined strongly forward at all stages, become swollen 
on the outer whorls, and in adults continue across the venter with only moderate 
diminution in strength. Many faint constrictions are present. The species attains 
a fairly large size. 

The suture line figured is from a fragment with a whorl height of 14 mm., and 
compares closely with the suture lines of certain European forms at similar diam- 
eters—e.g., L. castellanensis (d’Orbigny) as figured by Baumberger (1905, p. 43, 
fig. 25). The essential characters of the genus are shown—namely, the strongly 
unsymmetrical structure of the lateral lobe, with the inner branch more strongly 
developed than the outer. 

Greatest diameter of holotype 58 mm.; width of umbilicus 11 mm.; height cf last 
whorl 28 mm.; thickness of last whorl 15 mm. Dimensions of paratype 19027 given 
in same order are 33.2, 6.7, 16, and 9.2 mm. 

Type: Holotype (U. M. 19026), paratypes (U. M. 18255, 18261, 19027, 18254), 
Museum of Paleontology, University of Michigan. 

OccurreNce: Taraises formation, lower part of upper member. Localities 18, 8, 
50, and 58, Sierra de Parras, Coahuila, Mexico. 


Leopoldia fleruosa Imlay, n. sp. 
(Plate 11, figures 5, 6; text figure 4) 


Descrirtion: This species is represented by one pyritized specimen which is sim- 
ilar to L. victoriensis Imlay in its whorl shape but has stronger, more falciform 
ribbing. 

Shell marked by very strongly falciform ribs of which most begin singly in blunt 
thickenings on the umbilical shoulder and bifurcate or trifurcate at, or slightly 
above, the middle of the flanks. A few ribs begin near the middle of the flanks. 
In trifurcation, one of the outer ribs begins a little lower on the flank than the 
other two. The ribs are broad and low on the lower two-thirds of the flanks, espe- 
cially along the zone of furcation, but become strong on the upper third of the 
flanks. The ventral terminations of the ribs are swollen, incline forward, and bound 
a fairly narrow, smooth, mid-ventral area. The suture line is essentially the same 
as on L. victoriensis Imlay. 

Diameter of holotype 39 mm.; width of umbilicus 7.2 mm.; height of last whorl 
17 mm.; thickness of last whorl 9.5 mm. 

Type: Holotype (U. M. 19011), Museum of Paleontology, University of Michigan. 

OccurrENCE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Leopoldia crassicostata Imlay, n. sp. 
(Plate 11, figures 7, 8,) 


Description: This species is represented by two pyritized fragments which do 
not show the degree of involution. Whorl section sub-trapezoidal, higher than wide; 
flanks nearly flat; venter broad and slightly convex; umbilical wall vertical, shoul- 
der angular. 

Shell marked by prominent, falciform ribs which begin singly, or in pairs, in 
blunt thickenings on the umbilical shoulder and bifurcate at, or slightly above, the 
middle of the flanks. A few ribs begin low on the flanks but bifurcate at the zone 
of fureation. Ribs broad but fairly strong on lower parts of flanks and become 
narrower but more prominent on the upper third. The ventral terminations of 
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the ribs are swollen, inclined forward, and bound a smooth mid-ventral area. Di- 
mensions of holotype at anterior end: height of whorl 16 mm.; thickness of whorl 
10.6 mm. 

Remarks: This species is distinguished from the other species described herein by 
its coarser ornamentation and lower whorl section. 

Type: Holotype (U. M. 19007), paratype (U. M. 19008), Museum of Paleontology, 
University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Locality 58, Sierra 
de Parras, Coahuila, Mexico. 


Leopoldia bakeri Imlay, n. sp. 
(Plate 12, figures 6-8; text figure 3) 


Description: This species is represented by fourteen specimens. Form discoidal, 
involute; whorls elliptical in section, nearly twice as high as wide, embracing about 
one-half; flanks somewhat flattened; venter narrowly rounded, with a smooth me- 
dian area. Umbilicus shallow and fairly narrow, wall vertical, shoulder sub-angular. 

On the innermost known whorl, probably the fourth (PI. 12, figs. 6, 7), the shell 
bears fairly strong, falciform ribs of which most begin singly at the umbilical shoul- 
der as tubercular projections. Some ribs rise doubly on the umbilical shoulder, 
and nearly all bifurcate slightly above the middle of the flanks. A few ribs rise 
singly near the middle of the flanks. All ribs become slightly swollen on the upper 
third of the flanks and terminate ventrally in forwardly inclined tubercles which 
bound a narrow, smooth mid-ventral area. 

An outer whorl, shown on the holotype (Pl. 12, fig. 8), is characterized by an 
increasing smoothness and slight swelling of the lower two-thirds of the flanks, and 
by the increasing strength of the ribs on the upper third of the flanks. At the 
anterior end of the holotype the ribs continue faintly across the venter. There 
is some variation in coarseness of ribbing cn various specimens. The suture line 
is unknown. 

Remarks: This species is distinguished from L. victoriensis Imlay mainly by its 
less-involute form, its less-swollen flanks, and less strongly swollen ventral termina- 
tions of ribs. It is named in honor of Charles Lawrence Baker, of Texas Agricul- 
tural and Mechanical College. 

Tyre: Holotype (U. M. 16413), paratypes (U. M. 18258), Museum of Paleontology, 
University of Michigan. 

OccurrENcE: Taraises formation, lower part of the upper member. Localities 8 
(holotype from unit 2), 12, 18, and 58, Sierra de Parras, Coahuila, Mexico. 


Thurmannites Kilian 1913 


Thurmannites sp. 
(Plate 15, figures 4, 12; text figure 3) 


Description: The genus Thurmannites is represented by numerous fragments be- 
longing to several species, but none is well enough preserved to be described spe- 
cifically. One internal mold from locality 8, base of unit 1, probably belongs to the 
same species as a form figured by Bése (1923, p. 100, pl. 6, fig. 1), from Sierra del 
Chivo, Symén, Zacatecas. In the highest beds of the Taraises formation at locality 
20 were found two specimens of a species (PI. 15, figs. 4, 12; U. M. 16863) charac- 
terized by the strength of the ribs on the venter. From the base of the upper 
member of the Taraises formation at locality 12 were obtained three specimens of 
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Thurmannites, which bear resemblances to Acanthodiscus. The description of one 
specimen (U. M. 18003) is as follows: 

Form stout; whorl sub-quadrate in section (text fig. 3), higher than wide, em- 
bracing about one-fourth; flanks flattened, sloping gently to venter; venter trun- 
cated, wide; umbilicus probably fairly wide; wall vertical at base, fairly high; 
shoulder strongly rounded. Ribs high, pronounced, widely but variably spaced. 

All ribs start singly at, or near, the umbilical suture, incline backward to the 
shoulder, are flexuous and incline forward on the flanks; and cross venter trans- 
versely with considerable diminution in strength. All the ribs bifurcate at rather 
prominent tubercles slightly above the middle of the flanks and give rise to some- 
what weaker tubercles at the edge of the venter. On the upper part of the flank 
of the largest specimen, short ribs are intercalated between successive forked ribs. 

Other fragmentary specimens of Thurmannites were collected from the lower part 
of the upper member at localities 58, 18, and 8. 


Kilianella Uhlig 1905 
Kilianella mayrdnensis Imlay, n. sp. 5 


(Plate 15, figures 14-17; text figure 4) 


DescripTIon: Moderately large forms for genus; whorl subrectangular in section, 
higher than wide; flanks and venter somewhat flattened; innermost whorls em- 
bracing slightly, outer whorl embracing about two-fifths; umbilicus moderately 
wide and shallow; walls steeply inclined on inner whorls, neariy vertical on outer 
whorl. 

Innermost whorls smooth up to a diameter of about 2 mm. Next three-quarters 
volution marked by strong distant simple ribs and strong constrictions. At a diam- 
eter greater than 4 mm., bifurcating ribs predominate over simple ribs, but without 
regular arrangement. Up to a diameter of about 9.5 mm., bifurcation occurs only 
near the middle of the flanks. At greater diameters, bifurcation likewise takes place 
commonly at the umbilical shoulder, and one or both ribs, in turn, bifurcate at, 
or slightly above, the middle of the flanks. Bifurcation points on inner whorls are 
slightly thickened and on outer whorls bear distinct tubercles. Ribs strong, acute, 
slightly falciform, inclined slightly forward; slightly broadened ventrally and termi- 
nating in tubercles of varying prominence which are inclined forward and border 
a rather broad, smooth, slightly concave mid-ventral area. On a mold of large size, 
the outer whorl exhibits ribs of two sizes as in Distoloceras. Interspaces much wider 
than ribs. About eight or nine constrictions per whorl. 

The suture line is not very frilled; the lateral lobe is deep and somewhat sym- 
metrical; the umbilical lobe is much shorter and unsymmetrical; the auxiliary lobes 
descend abruptly toward the suture. 

Diameter of holotype (estimated) 37 mm.; width of umbilicus 12.4 mm.; height 
of last whorl one-fourth volution back from anterior end 14.5 mm.; thickness of 
last whorl 11 mm. 

Remarks: Kilianella mayrdnensis greatly resembles Kilianella roubaudiana (d’Or- 
bigny) sp. emend Sayn (1907, p. 47-49, pl. 6, figs. 9, 10, 15), but the ribs are slightly 
narrower, fewer per whorl, more commonly branched, the ventral area is slightly 
broader. Compared with Kilianella pexiptychus Uhlig (1882, p. 389, pl. 4, figs. 4, 5: 
1910, p. 229, pl. 82, fig. 2a-c) the ribs are less falciform. 

This species may be readily distinguished by its ornamentation and venter. 
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Tyre: Holotype (U. M. 17952), paratypes (U. M. 17950, 17924), Museum of Pale- 
ontology, University of Michigan. 

OccurrENcE: Taraises formation, lower part of upper member. Localities 18 
(holotype), 50, 58, Sierra de Parras, Coahuila, Mexico. 


Kilianella sp. 
(Plate 15, figure 11) 


Description: One internal cast shows four whorls which are barely embracing. 
Whorl section probably higher than wide, flanks slightly convex. Umbilicus wide, 
without distinct wall. Ornamentation consists of strong, falciform ribs, which are 
narrow at their origin at the line of involution, wider on the upper part of the 
flanks, and terminate ventrally in small tubercles which bound a narrow, smooth 
mid-ventral area. Most ribs are simple, but about every third or fourth rib bifur- 
cates slightly below the middle of the flanks. The bifurcation points are slightly 
swollen. Six or seven constrictions per whorl. 

Remarks: The general form and ornamentation are similar to K. roubaudiana 
d’Orbigny (Kilian, 1887-1888, p. 679, pl. 17, figs. 2a, b, 3a, b; Sayn, 1907, p. 47, 
pl. 6, figs. 9-11, 14-15). 

Specimen: U. M. 18265, Museum of Paleontology, University of Michigan. 

OccurrENCE: Taraises formation, gray limestone of lower member on north slope 
of Cafién del Toboso near Symén, Zacatecas. 


Bochianites P. Lory 1897 
Bochianites sp. 
(Plate 6, figures 1, 11-13) 


This genus is represented in the upper member of the Taraises formation by 
numerous fragments. The general form and sculpture of some of these are similar 
to B. neocomiensis d’Orbigny (1840-1841, p. 560, pl. 138, figs. 1-5). 


Berriasella Uhlig 1905 
Berriasella sp. 
(Plate 5, figure 3) 


Description: One laterally compressed specimen from the lower member of the 
Taraises formation is somewhat similar to a form, described by Burckhardt (1919, 
p. 56, pl. 19, figs. 3, 4), from a slightly older bed in the Sierra de Ramirez, Zacatecas. 

The specimen here described was evidently much higher than wide and the outer 
whorl embraces the preceding about two-fifths. Ribs strong and rather high. Most 
of them originate faintly at the umbilical suture, incline backward to the umbilical 
shoulder, and then incline forward slightly and cross the flanks in a flexuous man- 
ner. Most ribs bifurcate between the middle and the upper third of the flanks. 
Some of the bifurcation points are slightly swollen, others are indistinct. About 
every third or fourth rib does not bifurcate. These ribs either originate at the 
suture or on the lower third of the flanks. On the next to the outer whorl the ribs 
terminate ventrally in tubercular swellings which bound a nearly smooth, narrow 
mid-ventral area. On the outer whorls the ribs continue strongly across the venter, 
although faint ventral tubercles and a faint mid-ventral thinning occur. 

Srectmen No. 18267, Museum of Paleontology, University of Michigan. 

OccurRENCE: Taraises formation, gray limestone of lower member, north slope of 
Cafién del Toboso near Symon, Zacatecas. 
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Hemihoplites Spath 1924 
Hemihoplites? sp. 


(Plate 2, figure 10) 


Description: This species is represented by only one specimen. Form discoidal, 
involute, probably compressed; flanks gently convex, becoming flattened anteriorly; 
umbilicus small, shoulder rounded. Ribs start on the umbilical wall, incline slightly 
backward to the umbilical shoulder, and pass nearly radially across flanks in a 
slightly flexuous manner. Ribs become stronger ventrally and terminate in ventral 
projections. Most ribs remain single, but a few appear to bifurcate low on the 
flank. 

FicuRED SPECIMEN: 16866, Museum of Paleontology, University of Michigan. 

OccurrENcE: Taraises formation, upper part of upper member. Locality 20, Sierra 
de Parras, Coahuila, Mexico. 


Neolissoceras Spath 1921 
Neolissoceras abbotti Imlay, n. sp. 
(Plate 2, figures 1-3, 8; text figure 4) 


Description: The species is based on one pyritic specimen. Shell small, com- 
pressed discoidal; whorl section subquadrate, higher than wide; outer whorl em- 
bracing about two-thirds of preceding whorl; venter well rounded, flanks flat; um- 
bilicus moderate in width and shallow, wall gently inclined and rounding into flanks 
in a narrow interval. 

Surface smooth. Suture line similar to N. grasianus (d’Orbigny) (1840-1841, p. 141, 
pl. 44, figs. 1-3). Siphonal lobe short and narrow; first lateral saddle slightly nar- 
rower than the siphonal lobe; lateral lobe large and trifid; second lateral saddle as 
large as the lateral lobe, with two unequal branches; three small auxiliary lobes 
visible. 

Greatest diameter of holotype 15.5 mm.; width of umbilicus 26 mm.; height of 
last whorl 78 mm.; thickness of last whorl 5 mm. 

Type: Holotype (U. M. 17956), Museum of Paleontology, University of Michigan. 

OccurRENCE: Taraises formation, lower part of upper member. Locality 18, 
Sierra de Parras, Coahuila, Mexico. 
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1 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-3—Olcostephanus coahuilensis Imlay, n. sp.; Holotype U. M. 16994 (p. 
553). 
Figures slightly reduced. 
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EXPLANATION OF PLATES 589 


PLATE 2 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-3,8—Neolissoceras abbotti Imlay, n. sp.; Holotype U. M. 17956 (p. 586). 
Figures 4,6,11,12—Olcostephanus colorinensis Imlay, n. sp.; (4, 12) Lateral and 
ventral views of holotype U. M. 17899; (6) Lateral view of crushed 
specimen U. M. 17907; (11) Lateral view of paratype U. M. 16459 
(p. 554). 
Figure 5.—Olcostephanus discoideus Imlay, n. sp.; Holotype U. M. 17890 (p. 553). 
Figure 7—Valanginites sp.; U. M. 18264 (p. 557). 
Figure 9.—Olcostephanus ? sp.; U. M. 16972 (p. 556). 
Figure 10.—Hemihoplites ? sp.; U. M. 16866 (p. 586). 
All figures natural size. 
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Piate 3 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-3—Maderia multituberculata Imlay, n. sp.; Ventral, laterai, and apertural 
views of holotype; U. M. 19053 (p. 559). 

Figures 4,5,8,12.—Maderia coronata Imlay, n. sp.; (4, 5) Lateral and apertural 
views of holotype U. M. 19045; (8, 12) ventral and lateral views of 
paratype U. M. 19046 (p. 558). 

rig 6, 7, 13-15 —Maderia semilunaris Imlay, n. sp.; (6, 7) Lateral and apertural 
views of holotype U. M. 18071; (13-15) ventral, apertural, and lateral 
views of paratype U. M. 19044 (p. 561). 

Figures 9-11—Olcostephanus (Dichotomites?) compressiusculus Imlay, n. sp.; Ven- 

tral, lateral, and apertural views of holotype U. M. 17870 (p. 556). 
All figures natural size. 
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EXPLANATION OF PLATES 591 


PLATE 4 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-3—Valanginites angusticoronatus Imlay, n. sp.; Ventral, apertural, and 
lateral views of holotype U. M. 18000 (p. 557). 

Figures 4-9—Acanthodiscus bernit Imlay, n. sp.; (4, 5) Lateral view of paratype 
U. M. 17920; (6, 8) lateral and ventral views of holotype U. M. 17943; 
(7, 9) ventral and lateral views of paratype U. M. 19023 (p. 575). 

Figure 10—Olcostephanus (Dichotomites?) compressiusculus Imlay, n. sp.; Lateral 
view of holotype U. M. 17870 (p. 556). 

Figures natural size unless otherwise indicated. 
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Piate 5 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1,2.—Olcostephanus quadriradiatus Imlay, n. sp.; Ventral and lateral views 
of holotype U. M. 17889 (p. 554). 

Figure 3.—Berriasella sp.; U. M. 18267 (p. 585). 

Figures 4-6—Maderia cupidinensis Imlay, n. sp.; (4) Lateral view of paratype U. M. 
18299; (5, 6) lateral and apertural views of holotype U. M. 18056 
(p. 561). 

Figures 7-10.—Ceratotuberculus casitensis Imlay, n. sp.; (7) Lateral view of paratype 
U. M. 18179; (8) lateral view of paratype U. M. 18177; (9, 10) lateral 
and ventral views of holotype U. M. 18178 (p. 569). 

Figures 11, 12.—Spitidiscus kesleri Imlay, n. sp.; Lateral and apertural views of 
holotype U. M. 17949 (p. 571). 

Figares 13-15.—Spitidiscus boesei Imlay, n. sp.; Lateral, apertural, and ventral views 
of holotype U. M. 19009 (p. 570). 

All figures natural size. 
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PLaTE 6 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1, 11-13.—Bochianites sp.; (1) U. M. 17193; (11-13) U. M. 17865 (p. 585). 
Figures 2-10, 14, 16—Ceratotuberculus linguituberculatus Imlay, n. sp.; (2-4) Lateral, 
ventral, and apertural views of paratype U. M. 15419; (5, 10) lateral 
and ventral views of paratype U. M. 17942; (6-9) ventral, apertural, 
and lateral views of holotype U. M. 19040; (14, 16) ventral and lateral 
views of paratype U. M. 18180 (p. 569). 
Figure 15.—Olcostephanus symonensis (Bése); U. M. 18073 (p. 556). 
All figures natural size. 
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7 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-4, 16-18—Mezicanoceras parrasense Imlay, n. sp.; (1-4) holotype U. M. 
18001; (16-18) paratype U. M. 17995 (p. 568). 

Figures 5-7—Mezicanoceras subquadratum Imlay, n. sp.; holotype U. M. 18066 
(p. 565). 

Figures 8-11.—Saynoceras americanum Imlay, n. sp.; holotype U. M. 19084 (p. 571). 

Figures 13-15—Maderia? latiumbilicata Imlay, n. sp.; holotype U. M. 19056 (p. 560). 

Figues 19-21—Mezicanoceras rarituberculatum Imlay, n. sp.; holotype U. M. 18049 
(p. 567). 

Figures 22-24, 28—Mezicanoceras neohispanicum (Bose); (22-24) hypotype U. M. 
18064; (28) hypotype U. M. 17967 (p. 566). 

Figures 12, 25-27-——Mezicanoceras mimbrense Imlay, n. sp.; (12) Paratype U. M. 
18043; (25-27) holotype U. M. 12166 (p. 564). 

Figures natural size unless otherwise indicated. 
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Pate 8 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-4—Maderia nontuberculata Imlay, n. sp.; (1, 2) Paratype U. M. 18145; 
(3, 4) holotype U. M. 18036 (p. 560). 

Figures 5-8.—Mezicanoceras subinflatum Imlay, n. sp.; (5-7) holotype U. M. 18038; 
(8) paratype U. M. 19066 (p. 565). 

Figures 9-19—Maderia aliiumbilicata Imlay, n. sp.; (9-11) Holotype U. M. 18054; 
(12-13) paratype U. M. 18044; (14, 15) paratype U. M. 18059; (16-18) 
paratype U. M. 17921; (19) paratype U. M. 17196 (p. 558). 

Figures 20-22, 25, 26.—Mezicanoceras kanet Imlay, n. sp.; (20-22) Holotype U. M. 
17915; (25, 26) paratype U. M. 18061 (p. 564). 

Figures 23, 24, 30, 31—Mezicanoceras vigorosum Imlay, n. sp.; (23, 24) Paratype U. M. 
18046; (30, 31) holotype U. M. 17918 (p. 562). 

Figures 27-29, 32—Mevzicanoceras zacatecanum (Bése); (27, 32) Hypotype U. M. 
18068; (28, 29) hypotype U. M. 17818 (p. 566). 

Figures 33-37 —Mezicanoceras gloriense Imlay, n. sp.; (33) Paratype U. M. 17195; 
(34) paratype U. M. 17928; (35-37) holotype U. M. 17531 (p. 567). 

All figures natural size. 
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Piate 9 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1, 2,7,8—Acanthodiscus magnificus Imlay, n. sp.; (1, 2) Ventral and lateral 
views of paratype U. M. 19028; (7, 8) ventral and lateral views of 
holotype U. M. 17989 (p. 572). 
Figures 3-6, 9, 10—Acanthodiscus coahuilensis Imlay, n. sp.; (4-6) Lateral and ventral 
views of paratype U. M. 18004; (3) paratype U. M. 18262; (9, 10) 
holotype U. M. 17862 (p. 573). 
All figures natural size. 
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Priate 10 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1, 5-7—Acanthodiscus lamparensis Imlay, n. sp.; (1) Paratype U. M. 17834; 
(5) paratype U. M. 19020; (6, 7) holotype U. M. 16430 (p. 574). 
Figures 3,4—Neocomites parritensis Imlay, n. sp.; Holotvpe U. M. 18259 (p. 581). 
Figures 2, 10.—Neocomites acuticostatus Imlay, n. sp.; (2) Holotype U. M. 19029; 
(10) paratype U. M. 17929 (p. 580). 
Figures 8,9—Neocomites anfractus Imlay, n. sp.; Holotype U. M. 19037 (p. 579). 
All figures natural size. 
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FOSSILS OF THE TARAISES FORMATION OF NORTHERN[MEXICO 


Figures 1-4—Neocomites kellumi Imlay, n. sp.; (1, 2) Holotype U. M. 17880; (3, 4) 
paratype U. M. 17953 (p. 579). 
Figures 5,6.—Leopoldia fleruosa Imlay, n. sp.; Holotype U. M. 19011 (p. 582). 
Figures 7,8.—Leopoldia crassicostata Imlay, n. sp.; Holotype U. M. 19007 (p. 582). 
Figure 9—Acanthodiscus grossiornatus Imlay, n. sp; Holotype U. M. 17975 (p. 574). 
All figures natural size. 
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FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-4——Leopoldia victoriensis Imlay, n. sp.; (1, 2) Holotype U. M. 19026; (3) 
paratype U. M. 18261; (4) paratype U. M. 19027 (p. 581). 

Figure 5—Acanthodiscus grossiornatus Imlay, n. sp.; Ventral view of holotype U. M. 
17975 (p. 574). 

Figures 6-8—Leopoldia bakeri Imlay, n. sp.; (6, 7) Ventral and lateral views of 
paratype U. M. 18258; (8) holotype U. M. 16413 (p. 583). 


Figures 9, 10—Hoplitides? multicostatus Imlay, n. sp.; Holotype U. M. 16969 (p 578). 


All figures natural size. 
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PuaTE 13 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1, 2,5—Distoloceras capulinense Imlay, n. sp.; (1) Paratype U. M. 17895; 
(2, 5) holotype U. M. 18263 (p. 577). 
Figure 3—Distoloceras nodosum Imlay, n. sp.; Holotype U. M. 17998 (p. 576). 
Figure 4—Acanthodiscus magnificus Imlay, n. sp.; Paratype U. M. 18352 (p 572). 
Figures natural size unless otherwise indicated. 
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Priate 14 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1, 2, 4,6, 7—Distoloceras parritense Imlay, n. sp.; (1) Holotype U. M. 17883; 
(2) paratype U. M. 17882; (4) U. M. 18359; (6, 7) ventral and lateral 
views of paratype U. M. 17990 (p. 578). 
Figures 3, 5, 8-11—Distoloceras irregulare Imlay, n. sp.; (9, 11) Ventral and lateral 
views of holotype U. M. 17913; (8) paratype U. M. 17892 (3, 5, 10) 
lateral and ventral views of paratype U. M. 18355 (p. 577). 
All figures natural size. 
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Piate 15 
FOSSILS OF THE TARAISES FORMATION OF NORTHERN MEXICO 


Figures 1-3, 5-10, 18—Distoloceras laticostatum Imlay, n. sp.; (1-3) Lateral and 
ventral views of holotype U. M. 17886; (5, 8) lateral view of paratype 
U. M. 17946; (6, 7) lateral and ventral view of paratype U. M. 17931; 
(9) paratype U. M. 17987; (10, 13) ventral and lateral views of paratype 
U. M. 17959. Figure 5 (X2) (p. 576). 
Figures 4, 12—Thurmannites sp., U. M. 16863 (p. 583). 
Figure 11.—Kilianella sp., U. M. 18265 (p. 585). 
Figures 14-17 —Kilianella mayrdnensis Imlay, n. sp.; (14, 15) Holotype U. M. 17952; 
(16) ventral view of paratype U. M. 17924; (17) paratype 17950 
(p. 584). 
Figures natural size unless otherwise indicated. 
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ASTHENOLITH (MELTING SPOT) THEORY 
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THE THEORY 


An asthenolith is defined as a body of magma, locally melted anywhere, 
at any time during geologic past and present, within any solid portion of 
the globe. Melting is attributed to generation of heat by atomic (radio- 
active) disintegration. The distribution of heat generators (radioactive 
minerals) is assumed to have been very irregular since some unknown 
initial stage. The proportion of active minerals has been in general one 
part in one billion or less; i.e., of the order of poverty of radioactive min- 
erals in surface rocks. But local richness or poverty has been more or less. 
The life history of an asthenolith comprises local melting, growth, migra- 
tion, cooling, solidification, remelting and attendant effects, in repetition. 
The end is intrusion into the outer crust as batholith or extrusion as lava 
field. The result of two thousand million years of asthenolithiec activity 
is the crust as we find it, with more or less exhausted, dormant, or active 
areas, continental sheets, oceanic bottoms, and arcuate marginal zones. 
Among the minor, surface effects of asthenolithic activity may be named 
uplift and subsidence, isostatic balance, igneous intrusion, metamorphism, 
tangential pressure, orogeny, volcanoes, and earthquakes. 

These are the leading postulates and inferences of the asthenolith theory, 
which is here placed on probation. 
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FACTUAL BACKGROUND 


The asthenolith theory has developed during the past fifteen or more 
years from the embryo of a thought to the adolescent stage of a working 
hypothesis. It springs from a family of facts of apparent good standing. 


‘They are: 


The origin of the earth is, in the present state of mathematics, physics, 
and astronomy, an indeterminate problem. Geologic reasoning, if based 
on an assumption of an original gaseous, liquid, or solid state, is there- 
fore without convincing factual foundation (Russell, 1935). 

The actual condition of the globe is that it consists of an outer skin 
or crust, a very thick, solid shell or intermediate zone, and an inelastic, 
presumably molten core. The crust is cool, crystalline, strong, and rigid. 
Its condition depends upon a relatively low temperature, one at which 
crystalline rocks are rigid, not plastic. Its thickness varies locally, 
probably between 50 and 100 kms. (30 and 60 miles). It grades by 
increase of temperature into the intermediate zone. The thick, plastic 
shell or intermediate zone is composed ef rocks in a crystalline or glassy 
or mixed crystalline and glassy state. For the present discussion it 
suffices that it is found to be elastic and consequently not normally 
melted. Its thickness is indicated by earthquake waves and is approxi- 
mately 2800 kms. (1800 miles) (Macelwane, 1924; Adams, 1937). 

How long this particular arrangement of a solid shell enveloping a 
molten core has existed is not known, but the conditions undoubtedly 
depend upon temperature, and any changes which may have lowered or 
increased the temperature of the interior of the globe are necessarily so 
very slow in operation that the antiquity of the actual state is great, 
even in geologic chronology. 

Two thousand million years is, in round numbers, the approximate age 
of the oldest known intrusives, and they intrude older schists. There has 
been an outer skin similar to the actual one during that long period. 
Reasoning from thermodynamic conditions on the assumption of an 
originally liquid, molten globe suggests a similar antiquity for the solid 
inner shell. A like result follows from astronomical investigations (Holmes, 
1915, 1929, 1931b; Adams, 1924). It is improbable that the thickness of 
the solid shell has remained constant, considering the dynamic activity of 
the globe, but the upper limit, below the skin, may be taken as fixed at 
the beginning of geologic time, and any change in thickness would have 
occurred at the bottom. Cooling at the contact with the core would 
produce solidification and thickening. Melting at the same contact would 
thin the shell. Any change would, however, be without effect at the 
surface. A thick solid shell beneath the outer skin appnate to have been 
a fact throughout geologic history. 
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A further fact is that igneous rocks have been erupted from the solid 
shell repeatedly, at long intervals, in various parts of the world, since 
the beginning. The ages of different granites are best known. The oldest 
is the Harney Peak granite of North Dakota, 1900 million years; 
Holmes (1931, p. 444) lists pre-Cambrian granites 1500, 1400, 1000, 800, 
and 600 million years old. Granites were intruded into the outer shell 
at intervals during the Paleozoic and Mesozoic eras, and there are 
occurrences as late as middle Tertiary, not more than 20 million years 
ago. There is no reason to suppose that the activity has ceased or even 
diminished. Data regarding more basic, specifically basaltic eruptions 
clearly indicate similar conditions as to times and places. Long-continued, 
but intermittent eruptive activity of the sub-crustal, solid shell has been 
a characteristic of it throughout geologic time. 


ENERGY SOURCE 


Confronted with the evolution of persistent energy the older geology 
had no source from which to maintain such vitality except residual heat 
of a cooling globe or gravitational compression. Neither of these is an 
appropriate source, because they are both failing systems and should be 
tending toward senility. The discovery of radioactivity has solved the 
energy problem, but has produced a group of embarrassing hypotheses, 
because there appears to be too much, rather than too little, energy. 
Holmes (1915) discusses radivactivity and other sources of heat from 
the mathematical standpoint. The difficulty appears to arise rather 
from the assumptions that must necessarily be made as a basis of mathe- 
matical treatment than from any inherent facts. An average propor- 
tion of radioactive minerals being calculated for the outer crust from 
the actual occurrences, so far as they are known by analysis, it appears 
conclusively that there must be less of the active minerals in the depths, 
or the earth would be melting, and there is good ground for accepting 
that paucity, for the rise of molten rock to the surface would there 
concentrate the radioactive elements (Chamberlin, 1911, p. 691). But 
for mathematical discussion it is requisite to assume that the decrease 
in radioactive elements follows some definite law, which can be expressed 
in a formula; and also that the assumed law applies uniformly to a 
complete shell of the globe, situated at some assumed depth. Both of 
these ideas are purely subjective. They are without foundation in the 
distribution of radioactive minerals at the surface, which is irregular; 
and they are inconsistent with the irregularity of eruptive processes. 

A different line of approach may be taken by reasoning from the 
fact that the heavy minerals are irregularly distributed in igneous masses 
which have risen from the depths and that that irregularity is character- 
istic of conditions in the depths. Let it be assumed that radioactive 
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minerals have been rare or entirely wanting in some large bodies, but 
present in somewhat larger proportions in some others. Nowhere could 
they have been abundant or the dynamic effects would in the long course 
of time have been excessive. The relative richness or poverty of a mass in 
heat generators would determine the rate of production of heat, and the 
accumulation would depend upon the relation between production and 
escape. Of two bodies otherwise similarly conditioned, that which was 
richer would heat up faster and melt first, if melting ensued. 


GROWTH AND ASCENT 


Consider the conditions of melting. In a mass situated at a depth 
where temperature is near the melting point the relatively inert mate- 
rial contains particles of persistent heat generators. Melting, attacking 
the surrounding rock, will occur around each active crystal according 
to its product of heat energy. As the diameter of the effects grows the 
melt will come into contact with others. The magma will enlarge by 
coalescence. In time, in long time, there will develop a magma body of 
some size, consisting of the molten rock, of refractory, unmelted crys- 
tals, and possibly of unmelted, residual lumps. It would be a highly 
viscous mix. Continued heating by the generators would reduce vis- 
cosity and promote fluidity. Gases would be evolved and would rise to 
the upper portion. The whole would be contained within walls in a 
transition state, merging into the elastic solid of the shell. An asthenolith 
would thus have developed. — 

The locus of melting is dependent only upon the local occurrence of 
the heat generators, without regard, so far as the postulates go, to the 
depth below the surface or the age of the earth. The life history of an 
asthenolith is obviously conditioned by these two factors. Those which 
formed near the surface, early in earth history, would constitute very 
ancient elements of the crust; those formed in the depths and by slower 
heating and melting would reach the surface by intrusion and die millions 
of years later. 

It is here postulated that large magma bodies do rise from the depths. 
The process has been discussed by Barrel, Daly, and others among older 
writers and more recently by Holmes (1926, 1929, 1931, 1932). The 
conditions are complex and can only be briefly suggested here. The forces 
which cause the magma to rise are gravity and heat energy, acting upon a 
sufficiently large body of appropriate form. The magnitude may be taken 
as that of a sphere with diameter of the order of 100 kms. or more, but the 
form is not to be assumed as spheroidal in most cases. It were better to 
consider a minimum volume of fifty or a hundred million cubic kms., as 
indicated by the size of small batholiths. Gravity acts upon and through 
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GROWTH AND ASCENT 


the walls of the molten mass. The solid wall, being overloaded, presses 
inward with a pressure that is a function of the height of the wall adja- 
cent to the melt; that is, the pressure depends upon the load of the 
column above the top of the asthenolith plus the load of column below 
that level. Because the latter increases with depth, it is greatest at the 
bottom. . The inward pressure is transmitted hydrostatically by the 
molten mass, and the excess of pressure at the bottom is thus exerted 
everywhere as a differential, outward pressure. The difference is great- 
est at the top, and it tends to push the top of the wall outward and to 
raise the roof. The outward pressure at the top and the inward pressure 
at the bottom constitute a force couple, which, acting upon a magma 
body of sufficient height, may rotate the wall, much as in the case of a 
syringe squeezed at the base (Willis, 1936). 

The mechanical conditions thus suggested might be modified by unequal 
loads transmitted from above to the top of the asthenolith and wall. 
Greater weight resting upon the magma might suffice to cause it to spread 
laterally and prevent its rising. But such a difference would seem to be 
a special and rare case. 

One special instance of a magma body within the earth, which is fixed 
in position, except it be increased in diameter by continued heating, is 
the core. It differs from all other possible asthenoliths in having as its 
center the center of the earth. It has no lateral wall and cannot be 
squeezed at a base. If it still contains active generators of heat, adequate 
to cause further melting, the effect is simply to increase the diameter at 
the expense of the surrounding cover. It seems probable that this 
process has been in operation in the past and may still be so. 

The effect of heat energy in promoting the rise of an asthenolith depends 
upon the circulation within the magma and the tendency of hotter 
liquids and gases to assemble at the top. The high temperature favors 
whatever reaction might take place between the excited molecules and 
atoms of the magma and the minerals of the crystalline or glassy cover. 
The activity would be maintained at a rate determined by the contribu- 
tion of radioactive heat. Pressure of the melt against the cover would 
insure intimate contact, causing the etching, assimilation, and stoping to 
work upward. If the roof had assumed a domed shape, as seems probable, 
or was otherwise irregular, the chemical action would be most efficient at 
the highest point and would tend to develop a cupola form, as suggested 
by Holmes. 

THE TIME FACTOR 


The ascent of an asthenolith from its place of origin toward the sur- 
face must be regarded as exceedingly slow, even in terms of geologic 
chronology. Where two or more batholiths have invaded the crust in 
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the same region the interval between intrusions seems to have been of the 
order of one or two hundred million years or more. Some such vast lapse 
of time appears to have been requisite for the development and rise of 
batholiths as large as those of the Laurentian shield and African plateaus. 
Disregarding the millions of years required for the growth of a molten 
mass large enough to rise, we must measure the migration from an indefi- 
nite depth by other tens of millions. And it follows from the nature of 
the dynamic processes by which advances are made that the movement 
would not be steady but, on the contrary, irregular, impulsive, and 
interrupted. 

The basalt flows which occur as plateau basalts, the basalt flows that 
form the ocean beds, the basalts beneath the continents, and the granite 
patches that have been uptruded through the last-named, taken as a 
whole constitute the crust of the earth. 

Those masses which are accessible to investigation are known to differ 
in age by the extent of geologic history. They therefore cannot be parts 
of an original crust, formed by cooling from an original molten state during 
the last phases of solidification. If any such crust ever existed, it has 
in great part, if not entirely, been submerged beneath rising volumes of 
basalt, which have spread out over it, or it has been pushed up by 
uptruding batholiths and been eroded from above them. These igneous 
bodies which thus form much or all of the crust are dead asthenoliths, 
according to the hypothesis under discussion, and they represent the 
thermodynamic activity of the globe since the earliest geologic eras. 

It is well established that granites have been uptruded successively in 
one and the same area, at widely separated epochs (Holmes, 1931b, p. 440 
and citations). Some persistently dynamic source is required to meet 
this fact. The magmas come from the solid intermediate zone. It is 
possible to conceive that they represent blebs of the original molten mass 
of the juvenile globe, which have not solidified while all the rest around 
them has. But the continued activity is difficult to explain upon the 
postulate of a senile globe. It nay be regarded as more in accord with 
facts to recognize repetitions of the growth of asthenoliths by radioactive 
heating. 

VARIED CONDITIONS OF ORIGIN 

Certain conditions which would result in one or more intrusions of 
magma into the outer crust may be suggested. An isolated pocket of 
radioactive minerals, surrounded by inert rock, would produce a single 
asthenolith. Two or more such pockets, situated one above another along 
the same general radius, would develop as many asthenoliths, whose 
appearances near the surface would be spaced at time intervals deter- 
mined by their distances apart on the radius and the relative poverty or 
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richness of the body in heat generators. Or a large disseminated ore 
body, relatively and irregularly poor in heaters, would generate a suc- 
cession of melts, for the rise of a first asthenolith would leave a mass still 
charged with potential energy and that energy would in time repeat the 
process of melting. 

If one follows some such sequence of effects along the path toward the 
surface, considering the diversity of materials and dynamic conditions the 
magma may encounter, it becomes obvious that the number of variables 
is large and apparently adequately effective to offer solutions for many 
petrologic problems. The realm of speculation spreads before us, and its 
soil is not infertile, for it is charged with atomic energy. 

Geologic surveys have demonstrated the fact that some large areas of 
the earth’s surface are relatively, if not absolutely, inert and stable, while 
others are even now markedly active. Any region in which large batho- 
liths intruded the crust a thousand million years ago, such as Laurentia, 
Scandinavia, or India, for instance, might be expected to cap a spherical 
sector which had expended its radioactive potentialities. Especially would 
this inference be strong where there had been repeated uptrusions during 
the long past. Areas of this character are well known and were appro- 
priately designated by Dana the nuclei of the continents. But even such 
masses have during late Tertiary and Pleistocene time been elevated, after 
being peneplaned, and they can, consequently, not be reckoned as abso- 
lutely inactive in the depths. Furthermore, we note that the borders of 
ancient batholiths are not infrequently the preferred loci of younger 
eruptions of plutonic or volcanic rocks. This is evidence of continued 
activity, presumably in the original sector, but of rise along a lateral, 
rather than a direct or central, path. The cork-in-the-bottle condition 
may explain this relation: passage through the old, solidified body (the 
cork) is more difficult than escape around it. The Japanese islands, which 
originated in uptrusions of granite during late Mesozoic and Tertiary 
times,’ offer an example of intrusions along the margin of the far more 
ancient Asiatic continent, which is to the point. The volcanic ares that 
break the expanse of the southern Pacific Ocean similarly delimit bodies, 
each of which appears to be a distinct basin and each of which may be 
regarded as the top of a more or less ancient asthenolith. 


SOME SUGGESTED EFFECTS 
EPEIROGENY 
Certain movements and displacements of the crust, which loom large in 
geologic theory because they are obvious facts, may perhaps be related to 
asthenolithic activity. We may briefly review them, without stating a 
conclusion as to the validity of the dynamic relation. 


1 Personal communication by Professors H. Yabe and Teiichi Kobayashi. 
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Vertical displacements of the crust, involving large areas of the surface, 
have occurred during geologic time. They are such as are called epeiro- 
genic, in distinction to orogenic. The uptrusion of a batholith, which is 
here regarded as the last stage of an asthenolith, requires space and takes 
it in the direction of least resistance. That being, as a rule, upward, it 
raises the outer crust. Uplifts of this nature have no doubt accompanied 
the intrusion of epeirogenic batholiths in the past, where the granitic 
basement is now exposed. Whether any such are now occurring is a 
more open question, for a covered asthenolith is not conclusively evident, 
but broad elevated plateaus suggest that inference. We may distinguish 
also between a primary or ancient intrusion and one of later melting. 
The common concept in this geologic age is that a peneplain presents the 
datum by reference to which we infer the amount of elevation and warp- 
ing. It is itself an evidence of prolonged stability of the surface during 
the immediately preceding epochs. What terminated that stable stage 
and introduced the vertical stresses? It is rational to attribute the sta- 
bility to solidity of the subterrane and instability to a molten state; and 
it follows that the uplift may be interpreted as an effect of recent expan- 
sion of volume of the foundation rock in passing from the solid to the 
molten condition. Where volcanic activitiy demonstrates the influence of 
heat the inference as to the cause of uplift by melting gains strength 
(Willis, 1936, p. 77 et sequi). 

Conversely, a mass which has thus been raised during the growing 
stage of an asthenolith situated at moderate depth beneath the crust 
will subside as the magmatic gases and liquids escape and the volume 
of the supporting magma shrinks in cooling. It is probably not a coin- 
cidence that changes of level of this nature are characteristic incidents 
of the history of continental regions, the continents themselves being 
composed of batholiths, which, by hypothesis, are asthenoliths in their 
last stage. 

ISOSTASY 

Isostasy is commonly discussed as a fact, without any explanation of 
the manner in which a balance was attained between the balanced 
masses. The asthenolith theory offers a suggestion. The body which 
invades the crust is being forced upward by a force that exceeds gravity; 
that is, the lifting pressure per square kilometer of cover is greater than 
the weight on the same area. The origin of this pressure has been 
indicated as residing in a deep-seated squeeze, hydrostatically trans- 
mitted. Cooling in situ in the outer shell, the solidified batholith may 
be temporarily supported by either or both of two conditions: steadiness 
of the foundations (whether liquid or solid) and rigidity of the crust. 
The body may be so small that it remains supported indefinitely, or it 
may cover such an area that it must gradually sink back to that level at 
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which gravitative equilibrium—i.e., isostatic balance—becomes estab- 
lished. 

We may note in passing that the influence of areal extent of a given 
load depends upon a little-recognized principle of mechanics, which is 
that: For a given foundation the weakness of support of a given-load- 
upon-a-unit-area is a function of the diameter of the loaded area; or 
the strength is an inverse function (Terzagi, 1929). In tests made upon 
loess of the Vienna Basin the proportion of settlement to diameter of 
uniformly loaded area was found to be nearly direct, but the effect 
involved compaction and other conditions that would not occur in the 
geologic setup; the principle holds, nevertheless, and introduces qualify- 
ing effects in isostatic balancing. 

Attention is thus called to the distribution of stresses in an elastic 
solid upon which a load is placed. The results are well illustrated in 
studies of “photo-elasticity” (Coker and Filon, 1931). It appears plainly 
that the load stress is not carried down vertically, as is commonly as- 
sumed in discussions of Pratt isostasy, but that the lines of stress diverge 
in such a manner as to distribute them widely. Adjacent loads produce 
intersecting lines of stress and local resultants. Directions of stress are 
altered. Greater spread of uniform load produces deeper penetration. 
Thus the simple assumption that load and the related horizontal pres- 
sure are directly proportioned to depth is vitiated by the failure to take 
account of the extent of loaded area. 

Returning to the consideration of a batholith that tends to sink back 
to its level of equilibrium, we may note that the condition is that of a 
floating body in a very stiff medium; the adjustment must require long 
time, even on the postulate of a minimum resistance. When reached the 
balance would be in accord with the Airy principle of isostasy. 


METAMORPHISM 


With regard to metamorphism the exciting energy is found in heat 
and in the stimulated chemical activity of the hot solutions and gases 
of the magma, whose effect is well established. Following Van Hise, it 
is recognized that during recrystallization, when occasioned by heat and 
catalytic agents, crystals rearrange themselves in the presence of unbal- 
anced stresses in a plane at right angles to the greatest stress and grow 
in the direction of least stress. They assume a definite, parallel orienta- 
tion and elongation. Thus they exert an expansive force. Where the 
greatest stress is load, as it is on the cover of an asthenolith, the expan- 
sion lies in a horizontal plane. The elongation may amount to a very 
notable percentage of the original dimension in the same direction. In 
the cover of a magma body of the diameter of ordinary batholiths, it 
would sum up to many kilometers. 
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OROGENY 


The force with which expansion may operate is regarded by some as 
nothing more than a spreading under load, as of amorphous pitch. The 
available stress would not be as great as the unit pressure of the load, 
for there are resistances to any movement whatever. We may not, how- 
ever, disregard the inter-atomic forces, which are brought into play by 
the heat. They are described, in terms of our ignorance of their real 
nature, as electric charges. (Wyckoff, 1919; Joffé, 1928). As such, they 
are independent of gravity. Their potency has been demonstrated to be 
such that they can exert stresses up to the crushing strength of the min- 
eral; that is, the stress of the expanding solid, in process of metamor- 
phism, would be competent to shear the rock. 

The picture we thus imagine may be outlined as follows: An astheno- 
lith is forced up into the lower part of the outer, rigid crust. Its upper 
part is intensely hot and consists of magmatic solutions, charged with 
active gases. Contact with the solid cover of crystalline minerals is 
maintained by the hydraulic lift. Metamorphism results in the cover. 
The conditions of unbalanced stresses are such that the direction of least 
resistance is in a horizontal plane. In the progress of metamorphism, 
recrystallization results in elongation and produces an expansive force, 
which derives from the inter-atomic energies and is competent to cause 
shearing of the solid rock. The elongation is proportionate to the degree 
of metamorphism. It will therefore be greatest in the lower part of the 
cover, near the contact with the melt, and will become less and less at 
successive, higher levels to which the action may extend. The initial 
phase of deformation will result in a saucer with raised margins. Con- 
tinued expansion of the cover, affecting the entire thickness in process 
of continued metamorphism, will develop stresses of compression, which 
will act upon the segment of the crust over the asthenolith and upon its 
framework. Deformation of the cover itself may occur by buckling, 
folding, overthrusting, and torsional shearing, accompanied by tensional 
shearing and normal, gravity faulting. Or displacements of the marginal 
framework may be forced by the horizontal elongation, where the frame 
is weaker than the expanding cover, and may be expected to assume 
the arcuate form of folded mountain ranges. There must always be action 
and reaction between the expanding disc and the framework, and that 
effect which requires the least work will follow. This is one, and prob- 
ably the principal, reason for the fact that shortening by folding is so 
often concentrated in thick bodies of sediments, in geosynclines. Strata 
fold more easily than massive rocks shear. 

It will not escape notice that the immediately preceding suggestions 
constitute a re-statement of the hypothesis of metamorphic orogeny 
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(Willis, 1929). During the past eight years that idea has been tested 
against observations on the relations of mountain ares and the apparent 
directions of displacement to areas marked by thermal activity and seis- 
micity. If it be admitted that hot gases and voleanoes are superficial 
evidences of a magma body beneath the surface and that earthquakes 
indicate the displacement of fault blocks by orogenic pressures, then the 
hypothesis works in those districts where the conditions now occur. | It 
has been suggested that the Great Basin of the North American Cor- 
dillera presents, in its lava flows, complex internal structures, and mar- 
ginal mountain ranges with great overthrusts directed outward, a char- 
acteristic example of metamorphic orogeny as developed over an astheno- 
lith.? 
VOLCANOES 

Of the inferred relations, it remains to consider that which may exist 
between volcanoes and a hidden asthenolith. Students of volcanoes are 
seeking for a source of heat of the required amount, properly condi- 
tioned to furnish an intermittent, highly variable supply. One such 
source is burning gas (Day, 1926), derived from a molten magma and 
expelled from it as the cooling lava solidifies. Chemical investigations 
indicate that however adequate the supply of combustible gases might 
be, the available sources of oxygen of atmospheric origin would not 
suffice to furnish the observed volcanic energy (Shepherd, 1927). Sos- 
man points out that a cooling silicate melt may decompose as the tem- 
perature falls, with the separation of oxygen and metallic iron (Sosman, 
1925). Thus the finger of research points downward to a magmatic 
source for voleanic heat. The geologic evidence in some of the most 
active volcanic regions, such as Japan and the Philippines, is that the 
known plutonic rocks of the regions were uptruded during late Meso- 
zoic, and even as recently as middle Tertiary; and, further, that large 
volumes of lava have issued from fissures and voleanoes during the 
Pliocene, Pleistocene, and Recent periods. It thus appears probable 
that the magmas required to furnish the gases of volcanic activity have 
long been present beneath the crust in the areas involved. A relation 
between volcanoes and asthenoliths may be regarded as strongly indi- 
cated. 

A TRYOUT 


The asthenolith theory thus bids for a place among the working hy- 
potheses of geology. In that field of conflicting ideas the mortality is 
very great, as it must be as ignorance retreats before advancing knowl- 
edge. This challenger asks no favors. He comes, however, endowed 


2 Willis, Robin, in personal discussion, 1934. 
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with a persistent supply of energy and seeks to play the game according 
to established principles. “Dynamics is the Soul of the Problem” (T. C. 
Chamberlin). 
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THIN-BEDDED MARINE SANDSTONE 


Laid down by the Manele sea in Kapoho Canyon, Lanai. 
The basalt blocks have rolled down from the canyon rim. 
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INTRODUCTION 


The island of Lanai, Hawaii, lies 59 miles southeast of Honolulu, 
Oahu, and 9 miles west of Lahaina, Maui. Its maximum north-south 
length is 1314 miles, its east-west length 13 miles, and the area is 141 
square miles. It is sixth in size of the islands of the Hawaiian Group 
(Fig. 1). The highest point is 3370 feet above sea level. The annual 
rainfall ranges from 36 inches at Lanaihale, on the summit, to about 
9 inches at Keomuku, on the east shore. Only 1114 square miles receive 
more than 30 inches, and two-thirds of the island receives 15 inches or 
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less. Only one perennial stream exists, and it does not reach the sea. 
The low rainfall and the small amount of erosion in late geologic time 
have combined to make conditions unusually favorable for the preserva- 
tion of high marine deposits. 
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Ficure 1—Map of Lanai 


Showing areas of emerged fossiliferous marine conglomerate (in black), fringing reef (dotted line 
shows outer edge), and type localities of emerged shore lines. 


The shore lines described herein were discovered by the writer in June 
and July 1936, during the systematic investigation of the geology and 
ground-water resources of the Hawaiian Islands by the United States 
Geological Survey in co-operation with the Territory of Hawaii. 
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PREVIOUS WORK 


The first known geological work of any importance was done by Went- 
worth, who spent six weeks in 1924 studying the geology of the island. 
He reports coral fragments about 150 feet above sea level, in the talus 
northeast of Manele Bay. The abundance of these fragments suggested 
a natural origin, but, as he failed to find other evidence, he concluded 
that the sea had never stood more than 10 to 15 feet above its present 
level at any time since Lanai was formed (Wentworth, 1925, p. 33). 

H. S. Palmer and W. O. Clark have reported on water supplies of 
Lanai, but they do not mention coral deposits. In 1934, the writer spent 
three days on the island and found partly submerged dunes, representing 
the Waipio (minus 60(+) feet) low stand of the sea, and consolidated 
fossiliferous calcareous beach deposits about 20 feet above sea level on 
these dunes (Stearns, 1935b, p. 1954). 


SUBMERGED AND EMERGED SHORE LINES 
THE PROBLEM 


Previous work on Oahu, Maui, Molokai, and Kauai brought to light a 
series of emerged and submerged shore lines, some of which have been 
described (Stearns, 1935b, p. 1927-1956). Absence of emerged reefs and 
of extensive living reefs (Fig. 1) suggests that conditions have long been 
unfavorable for reef building. Volcanic craters are natural traps for 
marine deposits, but they are natural catchment basins for hillwash also, 
and any marine sediments are usually buried. 

Submerged shore lines are always difficult to identify, and, on Lanai, 
where there are no deep wells, no broad, deep canyons, and no late lava 
flows, as on Oahu, the problem is doubly difficult. The maps of the 
United States Coast and Geodetic Survey show few soundings off the 
western coast of Lanai, and the ocean is not very deep off the eastern 
coast, where more soundings have been made. Fortunately, one submer- 
gence is shown by a partly drowned hardened dune at Lae Hi Point, 
which is definitely younger than Maunalei Canyon. Resistivity meas- 
urements at the mouth of Maunalei Canyon indicate that its bedrock 
floor is at least 320 feet below sea level. Sufficient evidence was found 
on Lanai to indicate that it has much the same history of emergences 
and submergences as Oahu. The shore lines will be discussed, therefore, 
in the order of those found on Oahu, with the newly discovered ones of 
Lanai added. 
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LUALUALEI SHELF 


Soundings are too scattered in the deep water off the west coast of 
Lanai to give evidence of a shelf at a depth of 1800 feet, as around Oahu. 
The lack of canyons extending 1200 feet or more below sea level, as on 
Oahu, does not in itself prove that Lanai is too young to have undergone 
a submergence of this amount. Instead, it is believed that Lanai has 
long been sheltered from the moisture-bearing trade winds by West Maui 
and thus received relatively little rainfall. Further, its low height is 
also unfavorable for heavy rainfall. Thus, the lack of great dissection 
of this island is probably a result of little rainfall rather than of youth. 

Resistivity measurements by Joel Swartz, of the United States Geo- 
logical Survey, indicate that the mouth of Maunalei Canyon is now sub- 
merged at least 320 feet. The small amount of weathering of the cobbles 
left by the Mahana sea, described next, shows that the time elapsed since 
that sea withdrew is relatively short compared with the preceding period, 
when as much as 50 feet of soil formed. The logical conclusion is, there- 
fore, that the canyons were cut chiefly during a period prior to the 
Mahana sea, when the island stood at least 320 feet higher than at pres- 
ent. It is probable that this early high stand of the land corresponds 
to the Lualualei stage of Oahu, although no positive evidence exists that 
Lanai has been submerged as much as Oahu. 


MAHANA, OR 1200 (+)-FOOT, STAND OF THE SEA 


Evidence of a new shore line about 1200 feet above sea level, hereafter 
called the Mahana stand, was found on Lanai. Five miles southwest of 
Lanai City, in the head of a small swale, 3200 feet due south of Puu 
Mahanalua and 5700 feet north of Manele Landing, are several vein-like 
fillings of fossiliferous marine limestone in crevices in basalt (Fig. 1). As 
determined by a transit level line, the altitude of the highest outcrop is 
1069 feet. This is the highest outcrop of marine limestone so far discov- 
ered in the Hawaiian Islands. A stone monument was built around this 
outcrop, to prevent its being destroyed by cattle. It is 80 feet S 43°30” 
W from the mark “L1” chiseled in a 3-foot boulder on the east side of 
the swale. Evidently considerably more limestone formerly cropped out 
at this place, but weathering and livestock have nearly destroyed the 
exposure, leaving only the vein-like deposits. These outcrops are only a 
quarter to half an inch wide and 2 to 3 feet long. They contain, how- 
ever, distinctly recognizable coralline algae and one gastropod. Some 
fragments of coral are discernible. Paul Bartsch and H. A. Rehder, of 
the United States National Museum, found one pelecypod—Pinctada 
sp.—and three gastropods—Modulus tectum Gmelin, Triforis sp., and 
Strombus hellii Rousseau—in fragments of fossiliferous limestone from 
this locality. All these forms are now living in Hawaiian waters, which 
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fact indicates that the deposit is probably not older than Pleistocene. 
The exposure is in constant danger of destruction because it lies in one 
of the cattle trails. Its preservation is accounted for by the lack of 
drainage at this point and by the fact that it has probably been exposed 
only since the introduction of livestock. 

Around the entire island of Lanai, but more particularly in areas where 
marine erosion would naturally take place, are numerous weathered boul- 
ders and cobbles which owe their shape to wave action. Here and there 
are piles of large subangular rocks, which resemble partly destroyed ma- 
rine stacks. A suggestion of a cliff about 25 feet high, its base at approx- 
imately 1070 feet above sea level, was observed in several places. How- 
ever, the evidence is not conclusive that a shore line or halt in the emer- 
gence of Lanai occurred at this altitude. The summit and basin area 
on Lanai is covered with lateritic soil, from a few to about 50 feet deep. 
When the Mahana limestone was laid down, the shore line may have been 
higher, because this soil has been eroded below an altitude of about 1200 
feet (aneroid); such a condition strongly suggests marine erosion up to 
this level. When viewed from high points, there is a distinct line of 
demarcation around the island, at about the 1200-foot level, separating 
the wave-eroded scabland from the tillable soil above. At many places 
in this once sea-covered area, brown-black soils stand in strong contrast 
to the red lateritic soils on the summit area. 

The rounded boulders and shingle left by this sea show slight sphe- 
roidal weathering. The bedrock beneath the shingle is decidedly weath- 
ered and shows definite spheroidal weathering in places, but most of this 
probably occurred prior to the Mahana stand. In some areas, 8 to 10 
feet of soil remains, but these places lie directly above the present beach, 
where deposition is now taking place, indicating that they were not 
eroded during the Mahana stand. Some of this soil may have been de- 
posited later by the wind, because, in one place, sedimentary deposits 
containing land shells are covered with 8 feet of red soil. It is obvious 
that the present drainage pattern developed during the period when the 
deep lateritic soil was forming; and it is likely that the valleys were 
eroded to essentially their present form prior to the Mahana submergence, 
for the small amount of weathering of the Mahana gravel indicates that 
only a relatively short time has elapsed since the Mahana waters with- 
drew. 

On Oahu, on West Maui, and on Molokai, shingle and a surface swept 
free of soil up to levels comparable with the Mahana stand indicate that 
these adjacent islands also have emerged about 1200 feet, but additional 
field work will have to be done to determine whether or not the emer- 
gence is everywhere of the same amount. 
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Blocks of marine limestor’ were noted at an altitude of about 625 feet, 
in the swale on the southwest side of Kaluakapo Crater, a mile northwest 
of Manele Bay (Fig. 1). This is the only marine limestone found be- 
tween the 1070- and the 560-foot localities, and, although not in place, 
it is so abundant and so weathered that it must be near its original 
position. A prominent platform, 2 miles long, skirted by what may be a 
low sea cliff, crosses the northeast end of the island at an altitude of 
about 600 feet and may indicate a short halt of the sea at an altitude 
of about 625 feet, during its recession from the Mahana stand. Another 
bench at this altitude lies a mile north of Naha. 


MANELE, OR 560-FOOT, STAND OF THE SEA 


The Manele, or 560-foot, stand of the sea is another shore line found 
on Lanai. Its type locality is 5100 feet south-southeast of Puu Mahana- 
lua, 2600 feet southeast of the type locality of the Mahana stand of the 
sea, and 4500 feet northeast of Manele Landing in the crater of Kalua- 
kapo (Fig. 1). This crater is about 4000 feet across. The floor is level 
and is composed of gravel of two distinct ages. The top gravel is uncon- 
solidated and unconformable on a lower, partly consolidated one, which 
in places contains much fine silt. Recent stream erosion has cut through 
the top gravel into the older gravel, exposing in each of the channels 
draining the crater a fossiliferous limestone conglomerate consisting of 
large heads of water-worn coral, water-worn boulders of reef rock, and 
other calcareous debris such as is common on the shores of Hawaii. The 
highest fossiliferous limestone in place, as determined by a transit level 
line, is in the southwesternmost stream-bed crossing the crater floor, at 
an altitude of 561.5 feet. Approximately 25 feet south of this outcrop 
is an algaroba tree, 6 inches in diameter; mid-way between this tree and 
the limestone is a large flat boulder on which was cut a 5-inch cross as 
a reference bench mark. 

Fossil mollusks were not collected from this locality because a much 
better collection was made from the deposits of similar age in Kawaiu 
Canyon. However, one fragment of beach limestone from the type lo- 
cality was examined by L. G. Henbest, of the United States Geological 
Survey, and he reported as follows: 

“This limestone is composed mainly of numerous, rounded fragments of mollusk 
shells, nullipore colonies, a fossil of uncertain identity, and of an abundance of small 
Camerina sp. In addition to the above, minute gastropods are common and a few 
fragments of a peneroplid, apparently related to Amphisorus and Sorites but unlike 
any peneroplid that I have seen were found. 

“Even though the presence of Camerina is commonly regarded as evidence of 
Oligocene or Eocene or possibly earlier age, I would regard an age determination 
based on this form alone in the Pacific region as open to question. The peneroplid 


found here gives no help except to indicate Cenozoic or Recent age. Nullipores are 
long-ranging,—Cretaceous to Recent.”* 


1 Letter dated Aug. 26, 1936. 
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Fossiliferous marine conglomerate of this shore line crops out at an 
altitude of 550 feet, as determined by a barometer, in Kawaiu Canyon, 
in the unnamed gulches to the east of this canyon, in the gulches drain- 
ing into Huawai and Poopoo bays, 2 miles west of Manele Landing, and 
in Kaunolu Gulch (Fig. 1). No evidence of tilting was found, even 
though these outcrops stretch along the south coast for 74% miles. All 
these Manele deposits lie in the bottom of gulches, indicating beyond 
question that the present canyons were cut prior to the Manele stand of 
the sea. 

In Kawaiu Gulch the marine conglomerate left by this sea reaches 150 
feet in thickness and, in one place, reef rock, rich in fossils, crops out. 
The following fossils were collected in Kawaiu Gulch from various out- 
crops above an altitude of 250 feet. 


Fossil mollusks from Kawaiu Gulch, Lanai 


(Determined by Paul Bartsch and H. A. Rehder) 


United States Geological Survey No. 13918 (Notebook Sta. 606-a-14). Altitude, 
250 to 290 feet. 


PELECYPODA 

*Arca sp. Trachycardium sp. 
*Glycymeris sp. Chama iostoma Conrad 

Nodipecten sp. Periglypta sp. 

Venus sp. 
GASTROPODA 

Turbo argenteus Anton Distorsio sp. 

Turbo sp. (opercula) *Bursa sp. 

Modulus tectum Gmelin Thais aperta Blainville 
*Modulus sp. Vitularia sandwicensis Pease 

Cerithium sp. Columbella turturina Lamarck 
*Cerithium sp. Fusinus sandwichensis Sowerby 

Hipponiz sp. Mitra newcombi Pease 
*Pterocera sp. Mitra? bella Pease (worn) 

Strombus hellii Rousseau * Mitra sp. (three specimens) 

Strombus sp. Harpa minor Lamarck 

Strombus gibberulus Linné Turvis sp. 

Strombus maculatus Nuttall Hemipleurotoma sp. 

Cypraea helvola Linné Conus imperalis Linné 

Cypraea caput-serpentis Linné Conus striatus Linné 

Cypraea erosa Linné Conus nanus Broderip 

Cypraea sulcidentata Gray Conus episcopus Hwass 

Cypraea tessellata Swainson Conus sp. 

Cypraea punctulata Gmelin *Conus sp. 

Cypraea semiplota Mighels Terebra peasei Deshayes 


Cassis fortisulcata E. A. Smith 


*Terebra sp. (near propinqua Pease) 


Terebra gouldt Deshayes 
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United States Geological Survey No. 13919 (Notebook Sta. 606-a-14). Altitude, 
380 feet. 


PELECYPODA 
Septifer bryanae Pilsbry Trachycardium sp. 
Nodipecten sp. Chama tostoma Conrad 
Spondylus sp. Periglypta sp. 
Venus sp. 
GASTROPODA 
Trochus intextus Kiener Cypraea isabella Linné 
Turbo sp. (fragment) Cassis vibex Linné subsp. 
Turbo sp. (opercula) Favartia? garrettii Pease (fragment) 
Siphonium platypus Mérch Anachis sp. 
*Cerithium sp. * Mitra sp. (two specimens) 
*Pterocera sp. Conus sp. (fragment) 
Strombus nellii Rousseau Terebra maculata Linné 


The altitude of the fossil localities was determined by barometer. 
Possibly, some of these fossils were left as the sea receded from the 560- 
foot level rather than while the sea was at that level. Bartsch and 
Rehder report that the age of these fossils seems to be Pleistocene. Un- 
fortunately, the evolution of marine pelecypods and gastropods has been 
so slight, and so few have become extinct in the tropical waters of the 
Pacific since Pliocene time that it is at present impossible to determine 
from them whether the Manele shore line is early or late Pleistocene. 
J. A. Cushman reports that few species of Foraminifera are present in 
the matrix and that all are living and of shallow-water habitat. 

The Manele shore line is indicated around most of Lanai by the sharp 
line of demarcation between the bare surfaces strewn with fresh shingle 
below an altitude of 560 feet and the older and more-weathered surfaces 
left by the Mahana sea above it. One gains the impression of a much 
longer time interval between the Mahana and the Manele stands of the 
sea than between the Manele and the present stand. It may be that the 
ocean receded lower than the 560-foot level after the Mahana stand, and 
then, during the Manele shore line, Lanai was again partly submerged. 

Above the site of the abandoned Hawaiian village of Naha, where the 
Manele sea eroded weak spatter cones, broad platforms and definite 
cliffs were cut. The land below the 560-foot level in this area is so 
barren that it supports scarcely any vegetation except the recently intro- 
duced algaroba trees. Above the old shore line, where weathering has 
been greater, the land is covered with grass. This sharp break in the 
vegetation makes the shore line obvious (Pl. 2, fig. 1). In this same 
area, thin-bedded marine sandstone, about 100 feet thick, was laid down 
by this sea in Kapoho Canyon (Pl. 1). Examples of broad platforms cut 


* Not known to be living at present in Hawaiian waters. 
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Ficure 1. CLirF AND PLATFORM CUT BY THE MANELE SEA 
This boulder-strewn platform 550 feet above sea level near Naha, Lanai, stands out in sharp contrast 
with the grass-covered slope above. 


Figure 2. WAVE-ROUNDED BOULDERS 350 FEET ABOVE SEA LEVEL 
On platform three quarters of a mile northwest of Maunalei Gulch, Lanai. 


EMERGED MARINE BOULDERS 


STEARNS, PL. 2 
——— 

us 

| 


BULL. GEOL. SOC. AM., VOL. 49 STEARNS, PL. 3 


AGE 


Ficure 3, FosstLirEROUS MARINE CONGLOMERATE, PROBABLY OF WAIMANALO AGE, 
UNCONFORMABLE ON BASALT, WEST OF MANELE Bay 


LAVA-TUBE CAST, LITHIFIED DUNE, AND MARINE CONGLOMERATE 


‘4 
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.. ae Ficure 1. L.ava-TUBE CAST EXPOSED BY MARINE EROSION 
Ficure 2. Lae Hi Point CONSISTS OF PARTLY DROWNED LITHIFIED DUNES OF WAIPIO 
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by the Manele sea may be seen 244 miles southeast of Kaena Point, a 
mile southwest of Keomuku, and 2 miles north-northeast, one mile north, 
and three-quarters of a mile east of Naha. 


SHORE LINES BETWEEN 250 AND 560 FEET 


On most of the slopes of Lanai, especially on the northeast side, several 
definite wave-cut, gently seaward-sloping platforms, 1 to 20 acres in area, 
lie at altitudes between 250 and 560 feet. These benches are strewn with 
round boulders and cobbles and in ‘places are obviously due to the more 
rapid yielding by weaker beds than by the underlying stronger rocks, to 
wave erosion; there can be little doubt that stripping has occurred (PI. 2, 
fig. 2). In several places, as, for example, at a point three-quarters of a 
mile west of Maunalei Gulch, at an altitude of 350 feet, casts of large 
lava tubes lie scattered over the surface. These casts consist of material 
denser than the adjacent rock and are the congealed underground lava 
rivers that were confined in tunnels and fed the margin of the pahoehoe 
flow of which they are a part. They are readily identified by their circu- 
lar or subcircular cross-section and the concentric lines of vesicles and 
joint cracks about their circumference (PI. 3, fig. 1). Because these tube 
casts may be formed only a few feet below the surface of a lava flow, 
they do not generally indicate a great depth of stripping. 

The wave-cut platforms are so discontinuous that, without numerous 
precise profiles, it is not feasible to determine which ones represent shore 
lines; such extensive level work was beyond the scope of the investiga- 
tion. Moreover, the problem is complicated because some of the plat- 
forms may not represent shore lines but may have been cut below sea 
level. In one place a narrow rock bench, several feet high and 10 to 30 
feet wide, similar to the fringing bench along the present-day coast, was 
observed. 

Because the field work was done with a barometer, and readings were 
subject to a change of 50 to 100 feet during the day, owing to atmos- 
pheric changes, only a general idea was gained of the short halts in the 
recession of the sea from the 560-foot Manele level. Halts, assumed 
from the position of platforms, possibly occurred at about 325 to 375 
feet. Some of the marine fossiliferous conglomerates on the south shore . 
appear to be correlative with these halts. 


OLOWALU, OR 250-FOOT, STAND OF THE SEA 


A few deposits of marine fossiliferous conglomerate, forming benches 
along the south coast, and several wave-cut platforms along the north- 
east slopes are sufficiently concordant to suggest a shore line at an alti- 
tude between 250 and 270 feet, correlative with the Olowalu shore line 
on the island of Maui. The following list of fossils, identified by Bartsch 
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and Rehder, were collected from what appeared to be a beach deposit 
of this shore line in an unnamed valley, 2 miles east of Manele Bay. Con- 
siderable limestone, apparently before consolidation a typical calcareous 
beach sand, crops out at this place. The altitude was determined by a 
barometer that had been checked against a bench mark one hour earlier. 


Fossil mollusks from valley, 2 miles east of Manele Landing 


United States Geological Survey No. 13921 (Notebook Sta. 604-v-12), altitude 
250-270 feet. 


PELECYPODA GasTROPODA 
Trapezium californicum Conrad Cypraea helvola Linné 
Chama iostoma Conrad Thais aperta Blainville 
Codakia thaanumiit Pilsbry Peristernia sp. 

Turris sp. 


Conus sp. (fragment) 


This shore ine appears to heve been formed during a short halt in 
the recession of the sea from tue 560-foot level, and it is of interest 
chiefly because marine deposits at this same level were first found 16 
miles northeast on the island of Maui (Stearns, 1935b, p. 1932). 

No evidence of the Kahuku, or 55-foot, stand of the sea found on Oahu 
was observed on Lanai. 


KAHIPA, OR MINUS 300-FOOT, STAND OF THE SEA 


The paucity of soundings about Lanai makes it difficult to determine 
submarine shelves. However, along the windward (northeast) coast, 
there is a gently sloping shelf, about 6 miles wide, off the mouth of Mau- 
nalei Gulch. Its outer edge ranges from 180 to 300 feet below sea level, 
and there are several shallow troughs crossing it, which may be sub- 
merged valleys partly filled with sediments and reef. The shelf drops 
abruptly into 600 to 700 feet of water. Whether this is correlative with 
the Kahipa shelf off Oahu cannot be definitely stated, but it may well 
be the Kahipa shelf, veneered with sediments and later reef. Five miles 
off the mouth of Hauola Gulch, soundings on the Coast and Geodetic 
Survey chart 4130 indicate a steep-sided, narrow depression parallel to 
the coast, about 200 feet deep in this shelf and about 3 miles long. The 
origin of this depression is problematical. 

The chief evidence of a submergence of Lanai by an amount equivalent 
to the Kahipa submergence is the resistivity measurements at the mouth 
of Maunalei Gulch, which indicate that the valley has been submerged 
at least 320 feet. However, the valley was probably cut prior to the 
Mahana stand. 

KAENA, OR 95-FOOT, STAND OF THE SEA 

Deposits apparently correlative with the Kaena, or 95-foot, stand of 

the sea on Oahu were found in the mouths of many of the gulches along 
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the south and west shores of Lanai. They form terraces of fossiliferous 
marine conglomerate, with their tops 100 feet above sea level, as deter- 
mined by a barometer. This shore line is most prominent a mile west of 
Manele Bay, where a terrace of fossiliferous conglomerate, nearly a mile 
long, is present. Although fossils are abundant, they were not collected 
because they yield so little data on age. It is believed that these con- 
glomerates were laid down during the Kaena stand of the sea, even 
though no unconformity which could be positively identified as indicating 
Kahipa time was found between them and those laid down during the 
higher stands. The marine conglomerates above this level have, how- 
ever, more hillwash on them than those at or below 100 feet, possibly in- 
dicating a time interval corresponding to the Kahipa stage. Likewise, 
some of the non-calcareous conglomerates in the canyons appear to have 
been graded to the Kaena shore line. They now form terraces in the 
floors of the gulches and are more rotted and more firmly consolidated 
than the later alluvium. 

No shore lines were found between the Kaena and the Waipio. Precise 
level work might show some. 

WAIPIO, OR MINUS 60(+)-FOOT, STAND OF THE SEA 


At Lae Hi Point, a lithified dune lies partly in the ocean, indicating 
submergence (PI. 3, fig. 2). This dune extends 2 miles inland and up 
the slope to an altitude of 950 feet. Several other extensive areas of 
lithified dune were found on the windward coast; they show that during 
their accumulation the trade winds blew stronger than at present, or that 
more loose sand was available, or that both conditions prevailed. Some 
of this dune sand drifted down Maunalei Canyon wall and formed an 
unusual breccia, which consists of angular basaltic talus cemented with 
comminuted fragments of mollusks, foraminifers, coral, and coralline 
algae. In many places the sand grains are altered to secondary lime, 
and their origin is not evident. This deposit proves that Maunalei Can- 
yon was cut in a period of emergence earlier than that in which the dunes 
formed. 

Careful search was made for marine deposits and shore lines on these 
dunes, because, on Oahu, the finest shore lines are preserved on them. 
Marine beach conglomerate was found on them at an altitude of about 
20 feet, but no evidence of greater submergence was found, indicating 
that these dunes accumulated after the Kaena stand. The dunes are 
therefore correlative with the Waipio shore line on Oahu, which was ap- 
parently about 60 feet below present sea level. 


WAIMANALO, OR 25-FOOT, STAND OF THE SEA 


Fossiliferous marine conglomerate overlies the lithified dunes on the 
north side of Lae Hi Point. The highest outcrop, by transit level line, 
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is 17.4 feet above mean sea level. Part of this conglomerate has been 
removed by erosion subsequent to its deposition; hence, it was probably 
laid down during the Waimanalo, or 25-foot, stand of the sea, which on 
Oahu followed the great dune-building epoch. Some of the emerged 
marine conglomerate west of Manele Bay also appears to have been laid 
down in a sea about 25 feet higher than at present, because it lies in 
definite terraces, 25 to 30 feet above sea level (Pl. 3, fig. 3). A fine ex- 
ample of such a terrace is at the abandoned Hawaiian village of Ma- 
maki, half a mile east of the mouth of Kaunolu Gulch. Elsewhere on 
Lanai are scattered narrow, emerged, wave-cut platforms, about 20 to 
25 feet above sea level, probably cut during this stand, and low terraces 
of weakly consolidated gravel in many of the gulches. The traces left 
by this stand of the sea are not abundant, but on Oahu the evidence indi- 
cates that it was short lived and it is there mainly shown by beveled 
older reef. It is not surprising to find only a few traces of this stand 
of the sea on Lanai, where no older reefs are present. 


LATER SHORE LINES 


A distinct bench, cut into basalt, fringes much of the west and south 
shores of Lanai. It is usually awash at high tides and always in high 
seas. It is planed across lava boulder conglomerates as well as basalt 
and ranges from a few feet to 75 feet across. Coral was found growing 
2 to 5 feet above mean sea level in pools on this bench. The bench 
ranges in height from a few inches to about 12 feet, but heights above 
6 feet are exceptional. It is the so-called bench of eustatic origin de- 
scribed by Wentworth and Palmer (1925, p. 521-544); they believe it 
indicates a downward shift of sea level of 12 to 15 feet in late Wisconsin 
time. Johnson (1933, p. 158-163) believes that it is made by storm 
waves of the present sea. The whole problem has been discussed else- 
where (Stearns, 1935a, p. 1467-1482). 

On the west side of the first canyon east of Manele Bay the bench is 
planed across an outcrop of massive, columnar-jointed basalt. The 
bench, 6 to 20 feet wide, is 10 to 12 feet above mean sea level at the 
seaward end; 50 feet shoreward, it is only about 3 feet above estimated 
sea level. It is remarkably smooth, considering the closely spaced joint 
blocks it truncates. The rapid decrease in the height of this bench, par- 
alleling the rapid decrease in the height of the waves as they round the 
point and enter the bay at the mouth of this valley, is strong evidence in 
support of the storm-wave hypothesis. 

Although this bench is developed on Lanai almost exclusively on the 
leeward coast, it does not follow that no storm waves pass over it. The 
leeward coast of Lanai faces an open ocean where severe Kona, or south- 
erly storms, tear into it. All the sea cliffs are on the leeward side of the 
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island. However, if this bench is a product of storm waves, the benches 
as well as the cliffs behind them must be moving back simultaneously. 
Because the sea has receded about 25 feet in late geologic time, as shown 
by the emerged conglomerate at Lae Hi Point, the bench could, of course, 
be a relic of some halt during this recession, which is now being modified 
by storm waves. No irrefutable evidence to disprove this latter hypoth- 
esis could be found on Lanai; hence, the fringing bench probably indi- 
cates a halt about 5 feet above present sea level, which occurred between 
the Waimanalo shore line and the present strand. This halt is tenta- 
tively named the Kapapa, or 5-foot, strand, after the type locality on 
Kapapa Island, Oahu (Stearns, 1935a, p. 1470-1471). 


SUMMARY AND CONCLUSIONS 


The highest fossiliferous marine deposits yet found in the Hawaiian 
Islands lie on Lanai, at an altitude of 1069 feet. Stripping of the soil 
above this level indicates that the island may have emerged as much 
as 1200 feet. The fact that 10 to 50 feet of lateritic soil formed prior 
to this submergence and only a few inches have formed since proves that 
the period of time before this submergence was vastly greater than the 
time that has elapsed since. A prominent shore line is found also at the 
560-foot level, and suggestions of intermediate ones are noted between 
it and the 1070-foot level. In the gulches, high marine deposits, not yet 
cut through by the present streams, indicate that the 560-foot shore line 
was not formed until after the present canyons were cut. Fossils show 
that this 560-foot submergence occurred in Pleistocene time. 

A sufficient number of marine deposits may be observed at altitudes 
between 250 and 270 feet to suggest strongly a halt of the sea between 
these levels, and numerous wave-cut platforms above it suggest other 
short halts as the sea receded from the 560-foot shore line. The next 
obvious shore line is at 100 feet, but it is probable that the submerged 
shelf 300 feet below sea level indicates a shore line that belongs chrono- 
logically between the 250-foot and the 100-foot strands. The sea then 
fell about 60 feet below its present level, and extensive dunes were 
formed. Next, the sea rose about 25 feet above its present level and 
finally receded to the point where it is now, with a short halt about 5 
feet above the present level. Maunalei Gulch is now drowned at least 
320 feet, and, although neither the position in the sequence nor the alti- 
tude of the shore line when this valley was cut is definitely known, this 
strand probabiy preceded the 1200(+)-foot strand. At least, it preceded 
the 560-foot shore line, because the deposits of the sea that formed the 
560-foot level partly fill the canyons of Lanai. 

Evidence is accumulating to show that all the large islands of Hawaii 
passed through the series of submergences and emergences recorded on 
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Lanai. It is probable that after the 250-foot strand the sequence is the 
same for all the other islands and that the shore lines are concordant in 
height. Lanai was at one time submerged at least 1500 feet and prob- 
ably considerably more. This amount appears too great to have been 
caused by changes in the level of the ocean due to changes in the vol- 
ume of the polar ice caps; hence, it probably represents actual move- 
ment of the Hawaiian land mass. The later shore lines, however, may 
be eustatic. 


WORKS TO WHICH REFERENCE IS MADE 


Johnson, Douglas W. (1933) Supposed two-meter bench of the Pacific shores, Intern. 
Geogr. Congr., C. R., tome 2, fase. 1, p. 158-163. 
Stearns, H. T. (1935a) Shore benches on the island of Oahu, Hawaii, Geol. Soc. Am., 
Bull., vol. 46, p. 1467-1482. 
(1935b) Pleistocene shore lines on the islands of Oahu and Maui, Hawaii, 
Geol. Soc. Am., Bull., vol. 46, p. 1927-1956. 
Wentworth, C. K. (1925) The geology of Lanai, Hawaiian Islands, Bernice P. Bishop 
Mus,, Bull. 24, 72 pages. 
and Palmer, H.S. (1925) Eustatic bench on islands of the North Pacific, Geol. 
Soc. Am., Bull., vol. 36, p. 521-544. 


Spreckersvitte, Mavi, T. H. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE SocieTy, May 12, 1937. 
PReseNTED BEFORE THE GeoLocicaL Sociery, DecempBer 31, 1936. 

PUBLISHED BY PERMISSION OF THE Director, Unitep Srates Geo.ocicaL Survey. 


i 
2 
ia 
OA! ‘ 
: 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 49, PP. 629-652, 3 PLS., 8 FIGS. APRIL 1,1938 


BEACH ENVIRONMENT IN LITTLE SISTER BAY, WISCONSIN 


BY W. C. KRUMBEIN AND J. SCOTT GRIFFITH 


CONTENTS 

Page 
Areal variation of the first phi moment, 641 
Areal variation of the phi standard deviation, oy............00..eeeeeeeees 641 
Areal variation of the phi skewness, sky... 642 
Areal variation of average sphericity, Vay... 642 
Relations among the several sedimentary characteristics................000000 645 
Size and shape of pebbles as a function of position on the beach................ 646 

ILLUSTRATIONS 
Figure Page 
1. Map showing location of Little Sister Bay, Wisconsin...................... 631 
3. Histograms of the sphericity distribution of underwater and beach pebbles... 643 
5. Scatter diagram of average sphericity and phi standard deviation. .......... 645 
6. Scatter diagram of average sphericity and phi mean...................0665 645 
7. Graph of geometric mean size of pebbles along beach line...............-.. 648 
8. Graph of average roundness of pebbles along beach line................+++: 649 
Plate Page 
1. Change in shape of fragments along eastern shore of Little Sister Bay....... 634 
2. Nests of ice-shove cobbles along the beach at Little Sister Bay.............. 635 
3. Maps of areal variation of the 640 

INTRODUCTION 


The modern viewpoint in sedimentary petrology involves the study of. 
sets of related samples, rather than the study of a single sample and a 
consideration of its histogram. A natural extension of the modern point 
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of view is the study of an entire environment of deposition, involving 
the analysis of samples collected at relatively short distances over the 
entire area of the same environment. The characteristics of each sample 
may then be determined in the laboratory, and, from the data so ob- 
tained, a picture of the deposit gained.* 

The laboratory study of the samples may include all the fundamental 
characteristics of sediments, such as the size-frequency distribution, the 
mineralogical or lithological composition, the shape of the particles, the 
surface texture of the particles (frosting, pitting, and the like), and 
finally the orientation of the individual particles in space. These funda- 
mental data, if they are expressible as continuous functions of distance, 
may be plotted on maps, each value at the corresponding sampling point, 
and contour lines drawn through points of equal value. The resulting 
maps would show the areal variation of each characteristic of the sedi- 
ment over the entire area of the same environment. By superimposing 
the maps one above the other, interrelations among the several charac- 
teristics may be discerned, and perhaps tested more rigorously by statis- 
tical methods. 

Such an approach to the study of sediments will afford more data 
about sediments than does the consideration of isolated samples, or even 
of a line of samples through the environment. An immediate applica- 
tion of these detailed studies may be to learn quantitatively the degree 
of sediment variation within areas of typical environment, as a standard 
for the comparison of ancient deposits. A series of closely spaced 
samples taken from an ancient deposit could be studied in a similar 
manner, and the resulting maps compared with maps of modern deposits. 
It is unlikely that widely different environments would result in similar 
patterns of contours; whereas it is quite possible that two environments 
may have individual samples which are quite similar. Thus the accumu- 
lation of data about a wide variety of present-day environments will be 
a valuable aid to the study of ancient deposits, where the environmental 
conditions must be evaluated by comparison with present-day phe- 
nomena. 

There is also a more theoretical aspect to these studies of modern en- 
vironments. By knowing the range of values in any variable (size, 
for exampie) in the environment, and the laws which express the change 
in size, it is possible that important information can be gained about the 
physical factors of the environment which control the characteristics of 
the deposit. Such an extension of the study would require a simultaneous 
consideration of the factors in the environment. On a beach, it would 


1 Pratje (1932) appears to have been the first to point out the advantages of sampling an entire 
environment by means of a network of samples. 
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require data concerning the force and direction of waves, currents, and 
winds, as well as the slope of the beach beneath the water, and a host 
of other items. Studies of this nature have already been undertaken 
(Hjulstrom, 1935), 
and it is to be 
pected that they |° 10 MILES 4 


will become more 
common as work 
advances. 

Environmental 
studies of sediments, 
whether they in- 
clude the physical 
factors of the en- 
vironment or not, 
may conveniently 
be carried on in en- 
vironments which 
are relatively self- 
contained ; that is, in 
situations in which 
the complete history 
of the sediments 
may be traced, from 
source to final de- 
posit. If, in addition, 
a simple lithological @GREEN BAY 
setup is involved, so 
that variables in 
terms of particle Ficure 1—Map showing location of Little Sister Bay, 
density and the like Wisconsin 
may be avoided, it 
seems likely that a more complete picture may be obtained, free of com- 
plexities that cannot be evaluated directly. 

Such a simple environment was found by the writers in Little Sister 
Bay, Wisconsin, and the present paper is concerned primarily with a 
study of the sediments in the environment. The areal variation in several 
characteristics of the sediments will be presented, and methods of pre- 
senting and interpreting the data will be discussed. The paper is thus 
an approach toward a technique of environmental analysis, with special 
regard to the sediments rather than with emphasis on the factors in the 
environment itself. 


ESCANABA 


LITTLE SISTER BAY. 
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DESCRIPTION OF ENVIRONMENT 


Little Sister Bay is a small indentation along the west shore of Door 
Peninsula. It opens into Green Bay (Fig. 1). The west shore of the 
peninsula marks the position of the Niagara escarpment in this region, 
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Ficure 2.—Sketch map of Little Sister Bay 
Showing general environmental conditions. 


so that to a large extent the bay is lined with bold bluffs which rise from 
the water’s edge. Indentations occur here and there in the bluffs, ap- 
parently the result of pre-glacial valleys which were tributary to the 
pre-glacial drainage system. These indentations are occupied by small 
bays, which to some extent are isolated from each other. Little Sister 
Bay is such an example, separated from its neighbors by headlands of 
limestone. The bay thus approaches a closed system, in that the de- 
posits within the bay have both their source and their final deposition 
within the same environment. 

A striking feature of Little Sister Bay is that the pebbles along the 
beach are composed almost entirely of dolomitic limestone, despite the 
glaciation of the region. Hence, there are no problems of lithological 
variation among the deposits. Furthermore, water-level outcrops of 
Niagara limestone along the sides of the bay continually supply new 
material to the environment. The general picture of conditions in the 
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bay is shown in Figure 2. The map is based on approximate triangula- 
tion, and is presented more as a sketch than as a detailed scale map. 
High bluffs of limestone rise on the west side of the bay, and somewhat 
lower bluffs occur along the eastern shore. The water-level outcrops are 
indicated near the outer edges of the shore; within the bay the shoreline 
is covered with cobbles and pebbles. The water-level outcrops supply 
fragments of limestone by wave action and frost action; these fragments 
are moved along shore into the bay, changing in size and shape as they 
are transported. Along the beach proper the deposit consists of re- 
markably rounded pebbles, predominantly disc-shaped. 

Soundings were made at several points within the bay; approximate 
depth contour lines are shown in Figure 2. It will be noted that the 
depth increases sharply close to shore along most of the beach, and that 
the bay itself has « gradually sloping bottom. An examination of the 
deposits beneath the water disclosed that the steep slope along the shore 
is built by an accumulation of large boulders and fragments of limestone, 
and that as the shelving portion of the bay bottom is reached, the large 
boulders give way to sand. There is a transition zone of varying width 
in which sand, fine gravel, and larger particles are mixed, but the center 
of the bay is quite free of any material coarser than sand. A few cobbles, 
presumably ice-floated, were found. 

On the basis of the preliminary study made of sediment distribu- 
tion within the bay, it was concluded that the limestone pebbles and 
cobbles were not derived from sunken ledges out in the bay, but that 
the material of that nature present is carried from the water-level out- 
crops along the sides of the bay.?, The sand within the bay itself is 
very likely largely glacial in origin, and may be carried into the bay from 
elsewhere. To some extent also the bottom deposits may be derived from 
the abrasion of the limestone pebbles, as will be discussed later. 

The presence of two distinct sediments within the bay led the writers 
to confine their principal study to the limestone material, with such cor- 
relative studies of the sands as were suggested by the data obtained from 
the pebbles and cobbles. 

Man’s occupation of the bay has resulted in the building of wharves 
and boat-houses at a few points along the bay, so that to some extent 
the simplicity of the evironment has been destroyed. The wharf on 
the eastern side of the bay undoubtedly has resulted in a disturbance of 
the natural equilibrium of fragment transport along the shore. The study 
itself indicates, however, that such disturbances have not yet seriously 
affected the relations along the beach proper, and it is likely that adjust- 


2 The large size and angular form of some of the underwater material raises the question whether 
these may not have been submerged outcrops along the beach. No direct evidence of such outcrops 
was found, however. 


i 
i 


634 KRUMBEIN AND GRIFFITH—BEACH ENVIRONMENT 


ments have been begun to permit the transport of material into the bay 
past the wharf. Certainly, there are striking changes in the shape of 
the limestone fragments as the beach is followed from the outcrops. 
Plate 1 shows several photographs taken along the eastern shore of the 
bay, to illustrate this feature. Plate 1, Figure 1, shows the underwater 
outcrop yielding fragments of limestone. Plate 1, Figure 2, shows the 
accumulation of the fragments along the shore just north of the wharf 
of text Figure 2. The fragments are still quite angular, but rounded 
edges may be seen. Figure 3 of Plate 1 was taken about 100 yards south 
of the wharf; it shows the extent of the rounding at this point along the 
route of transport. Along the beach proper, and slightly east of the word 
“BEACH” on text Figure 2, the pebbles have reached a stable shape; 
further size reduction may occur, but the forms may not be changed 
significantly. A vertical photograph of the deposit is shown in Figure 
4 of Plate 1. All photographs in Plate 1 are at the same scale; the 6-inch 
ruler in Figure 3 shows the order of magnitude of the particles. 

Among the physical processes operative on the beach is ice shove, 
which apparently is a considerable factor in the movement of material 
along the bay shore. In early spring it is not uncommon to find great 
heaps of ice piled along the shore as the breakup occurs in Green Bay. 
The effect of the ice shove is variable, however, in that occasionally the 
ice may crack outside of Little Sister Bay, and the large masses be de- 
flected from the bay proper. During the spring of 1936, however, ice 
shove modiied the configuration of the beach, and apparently since then 
there were no storms of sufficient magnitude to tear the larger ice- 
shoved cobbles from the beach. The result is that at several places along 
the beach proper there are nests of cobbles lying above smaller beach 
pebbles. Subsequent wave work merely sorted the material slightly. 
The effect of these nests of cobbles is slightly to cloud the equilibrium 
along the beach, but they introduced an interesting variation in normal 
beach deposits which shows up distinctly in the final results. 


TECHNIQUE OF SAMPLING AND ANALYSIS 
GENERAL STATEMENT 


Thirty-eight samples of pebbles and cobbles were collected along the 
main beach at Little Sister Bay, along three main lines of sampling. The 
first of these was about 20 feet out in the water, paralleling the shore; 
the second set was along the present active beach, a few feet above the 
water’s edge; and the third was a line of samples about 20 feet farther 
inland, and above the nests of cobbles. The net effect of the three lines 


Information from local residents, especially G. J. Anderson, proprietor of Little Sister Resort, 
adjaceit to the bay. 
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Ficure 1. ANGULAR LIMESTONE 
FRAGMENTS IN SHALLOW WATER 
AT EDGE OF OUTCROP 


Ficure 2, ACCUMULATION OF BROKEN 
FRAGMENTS ALONG SHORELINE 
NORTH OF WHARF ON EAST SIDE 
OF BAY 


FicureE 3. ROUNDED BOULDERS AND 
COBBLES ABOUT 100 YARDS SOUTH 
OF WHARF ON EAST SIDE OF BAY 


Ficure 4. PEBBLE FEACH NEAR 
CENTER OF BAY SHORE 
Showing typical disc-like form. 


CHANGE IN SHAPE OF FRAGMENTS ALONG EASTERN SHORE 
OF LITTLE SISTER BAY 
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Ficure 1. WESTERN EDGE OF COBBLE NEST 
Showing sharp line of demarcation between cobbles and pebbles. 


Ficure 2. GRADATIONAL DECREASE IN SIZE OF COBBLES ALONG EASTERN EDGE OF COBBLE NEST 


NESTS OF ICE-SHOVE COBBLES ALONG THE BEACH AT LITTLE SISTER BAY 
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of samples is a sort of grid pattern spread over the entire beach deposit, 
which afforded numerous points for the final sedimentary maps. In 
addition to the 38 beach samples, 18 samples of sand were collected from 
beneath the water, spread on a somewhat larger grid over the bay, within 
the region shown by depth contours on Figure 2. 

Plate 3, Figure 1, is a map of the beach, showing the location and 
number of the samples collected. The underwater sand samples are 
not included. On the average, the samples were spaced about 50 feet 
apart along the bay, and 20 or 25 feet apart along lines crossing the bay. 
The precise sampling localities were chosen in some measure on the basis 
of observable changes in the deposits. The nests of cobbles particularly 
were studied to determine whether or not any changes could be detected 
in shape or degree of sorting of the material, and whether any clues 
could be found of the possible effects of subsequent wave action on the 
cobbles. These cobble nests formed a very conspicuous feature of the 
beach at several points, as Plate 2 illustrates. Figure 1 of Plate 2 shows 
the western end of such a nest, and indicates the sharp line of demarca- 
tion between the ice-shoved material and the smaller pebbles along the 
beach. Figure 2 of Plate 2 shows that the pebbles in the eastern edges 
of the cobble nests decrease in size, owing to subsequent selection by 
wave work. It is also possible to see in the photograph that the larger 
cobbles lie above smaller pebbles. Such a condition could arise without 
difficulty if a block of ice shoved the cobbles over a frozen beach deposit. 

Several holes were dug into the beach, and it was found that the de- 
posit decreased in size downward. Because of the complexities that 
this variation introduces into the study of the deposits, it was decided 
to limit the sampling and analyses to the uppermost layer of pebbles 
and cobbles, so that only current aspects of the beach need be touched 
upon. In short, the principal aim was to obtain an instantaneous view 
of the beach as it was constituted at the time.of the study (July, 1936). 
Accordingly, in sampling the 38 points on the grid, a small square space 
was marked at each sampling point, and the top layer of pebbles was col- 
lected from the square, to the number of about 100 pieces. With the 
larger cobbles, and with the underwater samples along the beach, a 
smaller number was used, ranging from 25 to 50 cobbles and boulders. 
These were thrown on the beach, measured, and thrown back into the 


water. 

The studies involved a size analysis of each sample, sphericity meas- 
urements on most of the samples, and roundness measurements on a 
few samples, to obtain an idea of the order of magnitude of the changes 


in shape. 
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MECHANICAL ANALYSIS 

The mechanical analyses were performed with a sheet of zine in which 
square holes were cut, having edges varying in length according to the 4V/, 
scale. The pebbles were dropped through openings corresponding to their 
size, using the short and the intermediate diameters as controlling dimen- 


TaBLe 1—Diameters in millimeters and corresponding 
phi values 4,/, grade scale 


Millimeters Millimeters 
182 —7.50 45 —5.50 
151 —7.25 38 —5.25 
128 —7.00 32 —5.00 
106 —6.75 27 —4.75 

90 —6.50 22.5 —4.50 
76 —6.25 19 —4.25 
64 —6.00 16 —4.00 
54 —5.75 13.5 —3.50 


sions, to reproduce the actual conditions of sieving. The number of 
pebbles dropped through each opening was tallied to determine the size 
distribution. The *\/. scale affords four classes per Wentworth grade, 
and yielded data sufficiently detailed to warrant the computation of the 
moments of the size-frequency uistribution. The grade scale was ex- 
pressed in phi terms (Krumbein, 1936a and 1936b), which afford a series 
of arithmetic intervals each equal to one Wentworth grade; the use of 
openings based on ‘*\/, furnished classes equivalent to one-fourth of a 
phi unit, and the classes were so expressed. The sizes of openings used, 
and their corresponding phi values, are given in Table 1. The analytical 
data are given in Table 2, which lists the compositions of all the samples 
studied. 

In computing the statistical constants of the size-frequency distribu- 
tions, the method of phi moments (Krumbein, 1936a and 1936b) was 
used.* The phi mean, Mg, the phi standard deviation, o4, and the phi 
skewness, sky, were computed for each sample, and, in addition, the first 
moment was converted to its diameter equivalent, the geometric mean 
size in mm., GM;. 


#It should be pointed out that in the original paper the phi moments were defined in terms of 
weight-percentage frequencies; in the present study, number-percentage frequencies are used, but 
the same principles of computation apply. 
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Taste 2.—Mechanical analyses of the samples, in number frequency percentages; 


class interval ¢/2 

|—7.50| —7.00| —6.50| —6.00| — 5.50] —5.00| —4.50| — 4.00] —3.50] —3.00 

el! to | to | to | to | to | to | to | to | to | to 

—7.00| —6.50| —6.00| —5.50| — 5.00] — 4.50] —4.00| —3.50| — 3.00] —2.50 

19/ 2 28 | 44 | 22 ae 

38} 2 | 38 | 58 
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SHAPE ANALYSIS 


Shape studies were performed in the laboratories at the University of 
Chicago, except on the larger cobbles and boulders. A large bag of pebbles 
from the several sampling sites was taken to the laboratory, but with the 
larger cobbles the sphericity measurements were made directly on the 
beach. The required data include the longest diameter and the volume of 
the cobbles. Inasmuch as every cobble was composed of limestone, the 
simple expedient of weighing them was used, and from the weight and 
specific gravity it was a simple matter to compute the volume. The 
specific gravity of the limestone was found in the laboratory from several 
pebbles chosen for the purpose. The long diameters were measured with 
a centimeter rule having a sliding block, to assure better results. Round- 
ness studies were not made on the cobbles, because of limited facilities at 
the beach, and because of the practical impossibility of transporting ade- 
quate samples to the laboratory. 

In computing the sphericity values of the pebbles, the technique of 
Wadell (1934; Pettijohn, 1936, simplifies the computations) was used, 
in which a ratio is obtained between the diameter of a sphere having the 
same volume as the pebble, and the long diameter of the pebble. This is 
directly a measure of the extent to which the pebbles approach sphericity, 
and the measure is designated as YW by Wadell. The sphericity value of 
each pebble was determined, and the average value for each sample was 
found by taking the arithmetic mean of the pebble sphericities. This value, 
called Y,,, was used in the map (PI. 3, fig. 6), to be discussed later. 

The roundness measurements of the pebbles were made from the maxi- 
mum projection areas, in accordance with the technique developed by 
Wadell (1935). The procedure of measurement involves determining 
the radius of the maximum inscribed circle, R, and the radii of curvature 
of the several “corners,” 7;, 72, . . . ‘y—i.e., edges having a radius equal 
to, or smaller than, the radius of the maximum inscribed circle. The 
roundness of each pebble was found by using the formula P = N/ (R/n), 
where (R/r;) refers to the ratios of the radius of the maximum inscribed 
circle to the radii of the N corners. More than 25 pebbles were measured 
in each sample studied. For each sample of pebbles the average round- 
ness value was computed, and expressed as Pyy. 

The statistical data of the 38 samples are shown in Table 3. The first 
four columns list the phi moments and the geometric mean size in milli- 
meters; the fifth column shows the average sphericity values, and 
the last column has average roundness figures on the samples studied. 
The value of the geometric mean size, as computed from the phi mean, 
is expressed as the nearest whole number in millimeters. 
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TaBLE 3.—Statistical constants of the samples 


Phi Geometric | Phi Stand- Phi Average Average 
Sample| Mean Mean in | ard Devia- | Skewness | Sphericity | Roundness 
Ms mm. GM;*| tion og a3 Wav Pay 
1 —5.70 52 0.23 +0.37 0.736 0.615 
2 —6.20 73 .37 —0.47 675 
3 —5.43 43 28 —0.87 750 . 736 
4 —5.18 35 .24 +0.40 .710 647 
5 —4.99 32 .28 —0.58 . 758 .710 
6 —6.07 65 31 —0.45 
—5.19 35 32 —0.33 
8 —4.75 27 25 0.00 . 705 .678 
9 —4.73 26 . 20 +0. 23 .667 .593 
10 —4.43 21 30 —0.15 .712 .490 
11 —6.46 86 42 —0.45 
12 —5.23 37 .23 —0.12 . 758 .674 
13 —5.13 34 .32 —0.18 
14 —4.63 24 . 28 +0.31 .701 .640 
15 —4.30 19 .24 —0.27 .563 
17 —3.73 13 .30 —0.29 .729 510 
18 —4.99 32 32 —0.30 Wis 
20 —6.47 86 .30 —1.59 
21 —4.28 19 .33 +0.26 
22 —2.83 7 .44 +0.53 
23 —4.93 31 —0.34 
26 —4.61 24 .30 —0.26 
27 —3.48 11 31 —0.28 
28 —6.66 100 87 0.00 
29 —6.63 96 .34 
30 —5.06 33 .29 —0.30 niles 
31 —6.74 105 31 —0.01 
32 —6.76 110 31 +0.01 
33 —4.90 29 .34 —0.52 
34 —6.74 104 29 —0.01 
36 —5.02 32 .38 —1.23 
37 —3.92 15 .33 —0.50 


* Values determined graphically from phi mean, to nearest whole number. 
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SEDIMENT VARIATION MAPS 
GENERAL STATEMENT 


The data in Table 3 were used to prepare sediment-variation maps 
which show, by means of contours, the areal variation of the several sed- 
imentary characteristics. In preparing each map the procedure was the 
same. The value of the characteristic involved was placed at the corre- 
sponding sampling point, and contours were drawn through the values. 
An endeavor was made to keep the maps fairly simple, using relatively 
large contour intervals, to avoid introducing a spurious degree of detail. 
In some of the maps the values from Table 3 were rounded off to con- 
venient decimal places. 

For direct comparison of the several moment maps to be presented, the 
statistical values were plotted directly in the phi notation, to maintain 
identity of the independent variable. Until one is familiar with the geo- 
metrical significance of M,, however, it is simpler to visualize average 
size expressed directly in millimeters. Consequently, a map has also 
been prepared of the millimeter equivalent of the first phi moment, and 
the discussion will begin with it. 


AREAL VARIATION OF AVERAGE PEBBLE SIZE 


Figure 2 of Plate 3 is a map of average pebble size on the beach, ex- 
pressed as the geometric mean diameter in millimeters, based on number 
frequencies. The map shows that the most striking variation in size 
occurs along the water line. As one moves from west to east, the pebbles 
along the shore decrease from 52 mm. at the western end to 21 mm. about 
a third of the way along. The next sample shows an increase to 37 mm., 
followed by a decrease to 13 mm. in the next several samples, then an 
abrupt increase to 86 mm., followed, in turn, by descending values to 7 
mm., and another increase and decrease. Along the more eastern portion 
there are several samples more than 100 mm. in diameter and, finally, 
another abrupt decrease to 15 mm. 

When one considers the inner row of pebbles, however, it is found that 
the size is nearly constant, varying from 35 to 29 mm. along the entire 
set of samples. Likewise the underwater samples show a greater uni- 
formity than the active beach samples, as may be seen by comparing the 
values from west to east. 

The contour lines drawn on the map show clearly how the effect of ice 
shove upset the distribution of pebbles and cobbles along the beach. The 
contour lines are parallel to the beach along the inner zone of pebbles, 
and tend to be parallel in the western portion of the area, except as the 
individual lines cross the beach due to decreasing size. Farther east along 
the shore line, however, the contour lines swing in at the nests of cobbles. 
It is also noteworthy that apparently there has been some selection of 
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pebbles from the cobble zones, because the size decreases noticeably be- 
tween the successive ice-shove points. Inasmuch as the decrease is east- 
ward, the suggestion is strong that minor storms from the northwest may 
have had enough force partly to sort the ice-shoved cobbles, without being 
able to tear them from the beach. 


AREAL VARIATION OF THE FIRST PHI MOMENT, M¢ 


For purposes of comparison, and to indicate that the phi notation does 
not in any way change the data, a map has been prepared of the first 
moment directly, without converting the values to their diameter equiva- 
lents. Figure 3 of Plate 3 shows this map, and it will be noted that the 
contour lines are the same as in figure 2 of Plate 3, except that they have 
different values. The 32-mm. line in figure 2 is marked as —5 in figure 
3; 64-mm. line is —-6; and so on, in accordance with the equivalent values 
shown in Table 1. The net difference, then, is merely that for the geometric 
series of values 8, 16, 32, and 64, the arithmetic series —3, —4, —5, and 
—6 has been substituted. 


AREAL VARIATION OF THE PHI STANDARD DEVIATION, 64 

Figure 4 of Plate 3 is based on the data in the third column of Table 3, 
and shows the areal variation in the spread of the size-frequency curves 
over the beach. The standard deviation is a measure of the average spread 


of the data on either side of the mean value, and numerous geologists have 
interpreted this value as a measure of the sorting of the sediment. Simi- 
larly, the quartile deviation, which is an analogous measure based on the 
quartiles instead of the moments, is commonly used for this purpose. 
Sorting is probably more complex than is generally considered, and the 
writers prefer to accept the standard deviation for what it is: namely, the 
average spread of the curve, without reading into the measure any par- 
ticular theoretical significance. That the selectivity of the agent is 
measured in part at least by the standard deviation or the quartile devia- 
tion is quite likely, however. 

In examining figure 3, several interesting features are to be seen. 
The first is that there is a very definite linear arrangement of the contour 
lines, again modified partly by the effects of ice shove. In the western 
part of the beach, where this factor is not present, one may notice a very 
definite zone of least spread along the present active beach, where the 
values ° range from 0.20 to 0.30. This linear “trough” apparently extends 
along the entire beach, although it is displaced locally by the ice shove. 


5 The geometrical significance of oy = 0.20 is that, on the average, the pebbles are spread 0.2 of a 
Wentworth grade on either side of the mean value. The phi measures have been so chosen that the 
numbers are directly related to Wentworth grades. One may thus see that og= 0.20 refers to a 
curve in which the particles are rather closely concentrated, on the average, about the mean size—a 
“well-sorted” sediment, in short. 
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AREAL VARIATION OF THE PHI SKEWNESS, skg 

Figure 5 of Plate 3 is a map which shows the areal variation in the 
degree of asymmetry of the size-frequency distributions. It is a map 
which the writers hesitated to publish, but it is included for the sake of 
consistency. Several difficulties were believed to be involved in these data 
which were not present to the same extent in the other statistical values. 
In the first place, due to the somewhat limited size of some of the samples 
collected, especially the larger cobbles from beneath the water, it is likely 
that the third moment, on which the skewness is based, does not have 
the reliability of the first and second moments. Another difficulty is 
that, as far as the writers are aware, the significance of skewness in 
sediments is not completely known. 

It is interesting to consider the map tentatively, however. The most 
striking feature is that, in the western, undisturbed portion of the beach, 
the zero line (which represents symmetrical curves) moves in and out of 
the water recurrently. This recurrency continues, with some interruption, 
in the central portion of the beach, but along the eastern zone of ice-shoved 
cobbles (compare PI. 3, fig. 2), the zero line straightens out, and there is 
a cluster of essentially symmetrical curves there. If any generalization 
is permissible, it appears to be that negatively skewed samples tend to be 
above the water line, and positively skewed samples below. If this is true, 
it may account for the prevalence of “normal” curves in the eastern part 
of the beach. The effect of the ice shove here, plus whatever sorting was 
subsquently done by the waves, may have mixed the two types of materials 
to some extent, to reduce the value of the third moment. These suggestions 
are offered purely tentatively; more definite opinions regarding the skew- 
ness or its significance must be held in abeyance until more data are 
available. 

AREAL VARIATION OF AVERAGE SPHERICITY, Wav 

Although the data on sphericity were not obtained for every sample 
involved, a sufficient number of samples were studied to warrant preparing 
a map. Figure 6 of Plate 3 shows the average sphericity values in the 
environment, with contour lines drawn through at intervals of 0.05 spher- 
icity. The geometrical significance of the sphericity values is that perfect 
spheres have the value wy = 1.00, regardless of their size. The figures on 
the map show that none of the samples consisted of perfectly spherical 
pebbles, but, on the whole, the approach to sphericity was fairly high. A 
detailed study of the map shows that the highest sphericity values tend to 

®Skewness may be expressed in several manners. As originally defined by Krumbein (19362, 1936b) 
sky was chosen as as/2, where as is a measure based directly on the third moment about the mean. 
Subsequent use of skewness as an analytical measure indicated that the measure as is equally con- 
venient and more direct, inasmuch as it need not be divided by 2. As used in the present paper 


the skewness values are expressed directly as as; to obtain sky instead, the relation as = 2 sky may 
be used. 
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Ficure 3—Histograms of the sphericity dis- 
tribution of underwater and beach pebbles 


(A) All underwater and ice-shove samples; (B) active- 
beach samples, excluding the ice-shove samples; (C) 
e inner-beach samples. 


lie either under water or in the zones 
of ice-shoved cobbles. The 0.75-line, 
for example, is confined largely to the 
water, and swings in to the edge of the 
shore line here and there, but most 
noticeably at the sites of ice shove. In 
a general way the pattern is linear, and 
in the absence of ice shove it is likely 
that the sphericity contours would ap- 
proximately parallel the strand, and in- 
crease in value toward the water. 

The increased sphericity of the under- 
water samples may be demonstrated 
with simple diagrams. Figure 3 shows 
three histograms which reflect the 
sphericity distributions of the pebbles. 
The upper histogram is a composite of 
all underwater and ice-shove samples. 
The diagram shows the sphericity 
classes based on intervals of 0.1 sphe- 
ricity as abcissae, and along the verti- 
cal axis is plotted the number-percent- 
age-frequency of pebbles in each sphe- 
ricity class, independent of size. The 
central figure is a composite of all sam- 
ples along the beach line, except the ice- 
shove cobbles, and the lower diagram 
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Figure 4—General beach profile 
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represents a composite of the samples collected higher up on the beach. 
In comparing these histograms it will be noticed that the two lower com- 
posites have high pebble-frequencies in the 0.6-0.7 class, and lesser fre- 
quencies in the 0.8-0.9 class. In the upper figure, these relations are 
reversed, and indicate clearly that the more spherical pebbles and cobbles 
lie under water. The 0.7-0.8 class remains essentially unchanged in the 
three samples. 

The conclusion that may be drawn from these histograms is that there 
is in fact a selective action along beaches, such that the more spherical 
pebbles are rolled out into the water, and the more disc-like pebbles, which 
have a lower sphericity, are left on the beach.” The practical importance 
of this feature in the study of ancient beach deposits is apparent. If, in 
general, the average sphericity of the pebbles increases as one approaches 
the water line from the beach, then in an areal study of ancient beach 
deposits, the approximate shoreline may be expected to lie in the region of 
higher sphericity values. The range of values of average sphericity and 
the spacing of the contour lines may, of course, vary, depending on the 
nature of the rocks, the slope of the beach, and perhaps other factors. The 
essential feature is that the sphericity contours would tend to parallel the 
strand line and to increase in value from land to water. 

Each of the sediment-variation maps shows a noticeable linear pattern, 
as may be expected along a beach. In each map there is a “trough” in the 
contour surface parallel to the beach, and above the water line. There is 
no such trough in the actual physical surface of the beach, however. The 
contour trough results from an apparent discontinuity between each suc- 
cessive deposit formed on the beach. That is, the samples near the water 
line represent the later deposits, which may overlap to some extent the 
earlier deposits farther up on the beach, along the inner row of samples. 
Figure 4 is a sketch of the general beach profile, and illustrates the suc- 
cessive levels along the beach, as well as the approximate points of 
sampling on each level. In drawing the contours, it was believed that 
each level should be treated as a unit, rather than to run the contours from 
level to level, in connecting adjacent values. 

In connection with the o, map (PI. 3, fig. 4), the linear pattern may 
be more apparent than real, owing to the relatively small range of values, 
from 0.20 to 0.44, of that measure in the environment. This is a ratio 
of 1: 2.2, in contrast to the range of average size,* which varies from 
7 mm. to 110 mm., or 1:17. The average value of og is 0.31, and the 
fact that all the values are of this general order of magnitude raises the 


7 Attention was recently called to this selective process by H. J. Fraser (1935, p. 981). 

8 Strictly speaking, the range of values in phi terms should not be compared with a range in 
diameter terms, b the independent variables are not identical. In phi terms the My ranges 
from —2.9 to —6.7, a ratio of 1:3.8, or nearly a fourfold range. 
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question whether or not there is a tendency for the average spreal of the 
curves to fluctuate about some fixed value, regardless of the variation of 
pebble size in the environment. Some light may be shed on this question 
by considering the distribution of values: it is found that in the range 
from 0.30 to 0.349 there are 45 per cent of the samples; values from 0.20 
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Ficure 5.—Scatter diagram of average Ficure 6.—Scatter diagram of average 
sphericity and phi standard deviation sphericity and phi mean 


to 0.299 constitute 27 per cent of the samples; and from 0.35 to 0.449 
there are only 18 prr cent. Thus the distribution is not symmetrical 
about the central class, which may render questionable the randomness 
of the variation. However, when the effects of ice shove are included, it 
is possible that the distribution may have been skewed by that process; 
for the present, the question may be considered as an open one. Some 
additional evidence on this question is given in the supplementary paper 
which follows this study (Krumbein, 1938). 

Roundness values were not obtained on a sufficient number of samples 
to prepare a map of this characteristic. No underwater samples or larger 
cobbles were measured, so that the relative roundness of material above 
and below the water line is not known. A series of eleven samples along 
the western part of the beach was studied, however, and the results are 


presented herewith. 


RELATIONS AMONG THE SEVERAL SEDIMENTARY CHARACTERISTICS 


In seeking for relations among the several characteristics examined in 
this study, use was made of scatter diagrams, which are made by plotting 
the values of one variable against another. Such diagrams were made 
for all the combinations ° of the values Mz, GM:, o¢, a3, Vay, using the 


® A scatter diagram was not made of M, and GM; plotted against each other, of course; inasmuch 
as the latter is merely the antilog of the former. 
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data contained in Table 3. In most of the diagrams, no discernible rela- 
tion could be detected: the points scattered themselves apparently at 
random over the field. Figure 5 shows a typical example, made by plot- 
ting the phi standard deviation against the average sphericity. The 
points appear to have no trend, and it was not deemed necessary to use 
the correlation coefficient to demonstrate the lack of relationship. The 
only exception to the random scatter is the diagram involving the phi 
mean and the average sphericity, shown in Figure 6, where there is a 
suggestion of a relationship, such that the larger particles are the more 
spherical, but the trend is not definite enough to warrant drawing a curve 
through the points. 

The suggested relationship between the phi mean (which, it will be 
recalled, is the log of the reciprocal of size) and the average sphericity 
bears out the observations made earlier: namely, that the larger pebbles 
and cobbles are generally under water, and that the underwater samples 
have a higher average sphericity than those on the beach. 

The apparent absence of any definite relations among some of the 
variables on the beach may be due to the independence of the several 
environmental factors which control the variables. On this same basis, 
however, it may be logical to expect a relationship between average size 
and average sphericity. As the original fragments are carried along the 
beach, their shape and size are modified by abrasion, grinding, and 
impact (Marshall, 1927-1928); for any given type of rock there may 
be some functional relationship between size and shape, whereas there 
may be no necessary relation between average sphericity and the degree 
of scatter of the pebbles about the average size. These hypotheses are 
offered as lines of thought suggested by the data at hand: further 
critical testing is obviously necessary before such generalizations may 
be established. 


SIZE AND SHAPE OF PEBBLES AS A FUNCTION OF POSITION 
ON THE BEACH 


It was shown earlier that the source and final disposition of the 
deposits in Little Sister Bay are in the same environment. The frag- 
ments of limestone, broken from the water-level outcrops, are worked 
along the shore of the bay, becoming rounded on their edges and reduced 
in size. As they move inward, presumably there is a continuous selec- 
tion on the basis of sphericity, such that the more spherical pebbles and 
cobbles are rolled under water. The less spherical pebbles, on the other 
hand, remain on the beach, where the action of the waves reduces them 
in size as they are moved to and fro. Data presented earlier in this 
paper show that the larger pebbles and cobbles are beneath the water or 
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in the cobble nests, and that these larger particles are the most spherical, 
on the average. The suggestion is presented that the selecting of the 
more spherical pebbles, as they are worked along the beach, and their 
placement beneath the water, may protect them from the degree of wear 
suffered by the less spherical pebbles, which lie in the zone of wave 
action and are subjected to more wear and breakage than the others. 

Inasmuch as roundness is independent of sphericity, a critical test of 
the operation of this selectivity ought to result in the finding of less- 
rounded material, on the average, beneath the water than above. Un- 
fortunately, no roundness studies were made of the underwater samples, 
because this possible relation was not suspected by the writers until the 
data accumulated. A factor that may militate against this test is that 
in the zone of active waves the pebbles may be broken; such breakage 
may result in particles of appreciably lower roundness. 

When average pebble size is considered as a function of position on the 
beach, it may be noted that in the western half of the beach, where the 
effects of ice shove are absent, the pebbles decrease appreciably in size 
as they are followed in the direction of migration, toward the east. The 
ice shove clouds the situation farther along, but a few clues remain 
here and there. Figure 7 is a graph of the average pebble size, expressed 
as the geometric mean size in millimeters, along the beach proper. All 
the samples taken from just above the water line, including the ice- 
shove cobbles, are shown in the graph. The solid line through the points 
represents the actual variation in size, but it will be noted that between 
each nest of cobbles are small pebbles. If the trend of the curve in the 
western part of the beach is continued through the smallest size between 
the cobble nests, as shown by the broken line, a curve is obtained which 
reaches a minimum at about the center of the beach, and rises again to 
the east. 

The postulated curve of Figure 7 suggests strongly that the normal 
tendency along the beach is for the pebbles to become reduced in size 
to a minimum value about half way along the beach, due to the migration 
of the material from the outcrops along both edges of the bay.?° 

The study of the average roundness of pebbles along the beach led to 
unforeseen results. Instead of increasing in average roundness, as might 
have been anticipated, the average roundness of the pebbles actually 
decreased in the direction of migration. Only eleven samples were studied 


10 After this paper was written, Krumbein (1937) studied the size changes in greater detail and 
concluded that the decrease in size is a negative exponential. The data used included the pebbles 
along the western part of the beach but excluded the two westernmost cobble nests. The suggestion 
is strong in figure 7 that the size decrease eastward from the westernmost cobble nest is also 


exponential. 
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for this characteristic, but they constitute a continuous series along the 
western portion of the beach. Figure 8 is a graph of the average round- 
ness values, and for convenience of comparison, the horizontal scale is 
the same as that in Figure 7, to which reference should be made. In 
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Ficure 7—Graph of geometric mean size of pebbles along beach line 


Figure 7, the eleven westernmost samples are the same as those on which 
roundness was measured, and it will be noticed that the first seven samples 
decrease in size from 52 to 21 mm. The next four samples also form a 
series, ranging from 37 to 13 mm. There is thus a sharp increase in size 
between the seventh and the eighth samples. Referring now to Figure 8, 
it will be noted that the first seven samples show a more or less definite 
trend toward low roundness values, and the last four samples similarly 
form such a series. The curve drawn through the first several points is 
merely suggestive; the scattering of values renders it difficult to decide 
whether the curve as a whole is actually convex upward. The net effeet, 
however, is a decrease in average roundness in each size series, in the 
direction of migration. 

From the relations between the curves of Figures 7 and 8, it appears 
that there is also a correlation between size and roundness, inasmuch as 
the smaller sizes in general have the lowest roundness values. An exami- 
nation of the pebbles in the present study shows that the number of 
broken pebbles increases markedly in the samples having low roundness 
values. It thus appears that the smaller broken pebbles are moved 
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along the beach more rapidly, and tend to outdistance their larger 
unbroken neighbors. On the same basis, the abrupt change in average 
roundness between the seventh and the eighth samples in Figure 8 may 
be due to a “trapping” of the smaller broken pebbles by the nest of 
coarser ice-shoved ma- 


terial. A similar situa- 1.00 
tion may be expected in 
connection with each of ‘80 
the cobble nests, so that 2-—o 
a complete series of sam- jan 


ples may have shown 
several such inverted ,< 


cusps in the curve. maa 
The abrupt changes in 
the average-roundness .20 
curve may thus be at- 
tributed to the upset 0 
equilibrium along the IN 
beach, introduced by Ficure 8—Graph of average roundness of pebbles 
the ice shove. In the along beach line 


absence of that factor, 
it may be inferred that the average roundness would decrease from both 
ends of the beach proper toward the center, where a zone of minimum 
roundness may be found. 

_At first glance, this decrease in average roundness in the direction of 
travel seems to contradict earlier statements supported by the photo- 
graphs of Plate 1. Actually, the 38 samples involved in the study were 
all collected along the pebble beach, and do not include the very coarse 
fragments on the farther sides of the bay. It seems that as a given 
fragment is moved along the shore from the outcrop it is increasingly 
rounded as long as abrasion is the principal process of size reduction, or 
as long as breakage by impact results in splitting along bedding planes. 
If breakage occurs across the bedding planes, on the other hand, the 
roundness decreases abruptly. It may not be unreasonable to assume that 
the larger, thicker pebbles are predominantly broken along bedding planes, 
if at all, and, as the ratio of thickness to length and breadth decreases 
by this type of breakage, further impacts may tend to break the pebbles 
across the bedding, with a resultant drop in roundness value. If some 
such selective process of breakage occurs, it would be sufficient to account 
for the observed decrease in average roundness, and may explain the 
relation between roundness and size. 
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FLOW OF MATERIALS IN THE ENVIRONMENT 


It was mentioned earlier that as one dug below the surface of the beach, 
the material became finer. It is possible that as the pebbles are worn 
away, or small fragments are broken from them, the particles have a 
tendency to settle among the interstices of the larger pebbles or, finally, 
to be washed out into the bay as fine gravel and clay.1: The deposits 
under water and near the shore consist of large boulders and cobbles, but 
as one moves farther out into the bay, finer material becomes mixed with 
the larger fragments, until the bottom is largely sand. In order to test 
whether or not the products of wear are carried out into the water in any 
significant amount, a series of bottom samples, extending along a line 
from the side of the bay into the water, were tested for their carbonate 
content. The procedure was simply to heat a weighed quantity in a 
beaker with HCl, to dissolve the calcite and dolomite, and to weigh the 
residue. The percentage of carbonates was computed from the results. 
The data obtained show that the amount of carbonate decreased from 
68.2 per cent near shore, to 34.4 per cent in the center of the bay. It 
appears safe to conclude, then, that this material comes from the shore, 
rather than from deeper portions of the bay. 

On the basis of this analysis, one may picture the environment as one 
in which the fragments tend to migrate along the shore from the outcrops, 
some selected on the basis of sphericity and carried beneath the water, 
others being worn and broken during transport, until they reach some 
minimum size on the beach, under the conditions operating. The finer 
material that results from abrasion, grinding, and impact, presumably 
mainly fine pebbles and clay, as well as some dissolved material, is 
carried off the beach proper, and is spread into the bay by the operation 
of currents and undertow during storms. The clay would tend to be 
carried entirely beyond the relatively small confines of the environment. 

The sand in the deeper portions of the bay is an entirely independent 
deposit, perhaps even brought in from deeper water beyond the bay; cer- 
tainly, the only contributions from the beach pebbles are the granules and 
small pebbles of limestone (and perhaps a limited amount of calcite sand), 
which result from the breakdown of the coarser material. The sand within 
the bay is essentially quartzose; and hence, cannot have its source in the 
limestone of the environment. 

The presence of a rim of boulders and cobbles beneath the water along 
the entire extent of the bay may be due to the presence of hidden outcrops, 
as was already pointed out, or it may be due to a different size-distance 


The studies conducted by P. Marshall (1927-1928) showed that the products of the abrasion of 
beach gravels were finer gravels, silt, and clay; material in the sand sizes formed only in negligible 
amount. 
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function for the more spherical underwater cobbles from the size-distance 
function of the above-water pebbles. 


SUMMARY 


The present study is an attempt to study an entire environment as it 
concerns the sediments. The study shows that it is possible to reflect the 
characteristics of the sediments areally by means of maps, such that the 
essential features of the depositional environment are brought to light. 
The immediate application of such studies to the investigation of ancient 
deposits is pointed out, in that “environmental patterns” may be found 
for various environments, on the basis of which, ancient deposits may be 
compared and differentiated. The present study was complicated in this 
regard, however, by the presence of nests of ice-shoved cobbles which 
marred the simplicity of the pattern, but enough material was found to 
warrant several general conclusions. Among these the most important 
for immediate use was perhaps that the contours of sediment character- 
istics along the beach tend to parallel the shoreline, and, although one may 
not be able from this to determine the precise water line, at least the trend 
of the shore may be determined. 

Among the questions raised by this study is whether or not there is a 
tendency for the average spread of the curves to approach a constant value 
in the environment, such that, although roundness, sphericity, and size 
may vary from point to point, the degree of spread of the curves (the 
“sorting”) may be relatively constant. If this is so, it points to a signifi- 
cant conclusion; namely, that in the environment the sum total of oper- 
ating causes tends to produce uniformity in the degree of spread of 
individual pebbles about the mean size at any point, regardless of the 
value of the mean pebble size. 

The principal contribution of the paper is perhaps that detailed studies 
of beaches afford a wealth of material for further investigation, that 
cannot be gleaned from the examination of a relatively few widely scat- 
tered samples. 
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INTRODUCTION 


Several years ago the writer collected a series of sand samples from 
the shore of Lake Michigan, at Waverly Beach, about 10 miles west of 
Michigan City, Indiana. The samples were mechanically analyzed, and 
the data were used in a study of the probable error of sampling sedi- 
ments for mechanical analysis (Krumbein, 1934). The paper was also 
presented at the Chicago meeting of the American Association for the 
Advancement of Science in June, 1933, at which time a map of the areal 
variation of average grain size was shown. The map itself was not pub- 
lished, however. During 1936 the writer, in collaboration with J. Scott 
Griffith (Krumbein and Griffith, 1938), studied the areal variation of 
beach deposits at Little Sister Bay, Wisconsin. The results of the latter 
study showed certain similarities to the earlier map prepared on the 
Waverly Beach samples, and the writer believes it pertinent to supple- 
ment the Little Sister Bay report with the data from the earlier study. 

In the original analyses of the Waverly samples, the median grain size 
was used, but for present purposes the phi mean, My, the phi standard 
deviation, os, and the geometric mean diameters, GM;, of the samples 
were computed (Krumbein, 1936), to make the results more directly 
comparable to the measures used at Little Sister Bay. For purposes of 
orientation, Figure 1 shows the nature of the grid pattern on which the 
samples were collected. The samples were spaced in three rows along 
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the beach, each sample in a given row 60 feet apart, and the rows 30 
feet apart. The mechanical analysis data are given in the original 
paper; Table 1 lists the phi mean, the phi standard deviation, the geo- 
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Ficure 1—Map showing location and number of samples 


AREAL VARIATION OF AVERAGE GRAIN SIZE 


metric mean size in millimeters, and, for purposes of comparison, the 
median diameters as given in the earlier paper. 

Figure 2 is a map of the areal variation of the geometric mean diam- 
eter in millimeters of sand grains at Waverly Beach. (Compare with 
Figure 2 of Plate 3 of the Little Sister Bay study.) The numbers 
have been rounded to two decimal places. The map discloses that there 
is a linear trend to the variation of average size here as well as at Little 
Sister Bay, and, in addition, there are suggestions of tongues of coarser 
material which cut across the linear pattern of contours. As in Little 
Sister Bay also, the linear pattern shows a “trough” of finer material 
above the water line and parallel to the beach. There is no topographic 
depression present in the surface of the beach itself, however. 

At Little Sister Bay the nests of coarser material along the beach are 
attributed to ice shove; in the present study the writer’s conclusions were, 
and are, that waves which carried coarser material across the beach 
modified the essentially linear pattern of lines. About a year before the 
samples were collected at Waverly, a great storm had torn out much of 
the beach along the southern shore of Lake Michigan, and had exposed 
material from some depth below the previous level. At the time the map 
was first presented, the writer had concluded that the result of the large 
storm had been to expose the linear size variation pattern of the off-shore 
bars which had been formed when the shore line was farther south. Since 
the stripping effect of the first storm, it was postulated that subsequent 
minor storms modified the pattern by carrying tongues of coarser ma- 
terial across the beach here and there. 

In view of the findings at Little Sister Bay, the linear pattern may be 
due merely to the fact that more than a single year’s beach was covered 
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by the sampling grid, so that the inner portion may represent earlier 
accumulations. The essential similarity of the patterns in the two stud- 
ies, involving pebbles in the one, and sand in the other, suggests that 
linear patterns may be the rule in size variations along beaches. 

In connection with changes in the average size of the sand grains along 
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Ficure 2—Map of areal variation of geometric mean diameter of sand grains 


the beach, it may be noted from Figure 2 that, although the western 
portion of the beach shows a decrease in average size toward the east, 
the size increases again in the eastern end of the grid area. It seems 
likely that over the small stretch of beach involved here, no definite 
tendency can be established. Pettijohn (1931) showed that the average 
size decreases toward the southern end of the lake, along both the eastern 
and the western shores, but the rate of change of size is too small to be 
indicated by a stretch of beach 500 feet long. 

The contour interval in Figure 2 is probably smaller than the data 
justify, but the interval was chosen to bring out more clearly the linear 
pattern. The earlier study of the probable error showed that the labora- 
tory error was only about one-half of one percent, so that the data have 
been used directly, without any attempt at correction. 


AREAL VARIATION OF THE PHI STANDARD DEVIATION 


Figure 3 is a map of the areal variation of the phi standard deviation 
of the sands on Waverly Beach. (Compare with Figure 4 of Plate 3 
of the Little Sister Bay study.) The phi standard deviation, oy, is a 
measure of the average spread of the curves about their mean values, 
expressed directly in terms of Wentworth grades. (For the geometrical 
significance of co, see Krumbein, 1936.) The individual values of Fig- 
ure 3 are distributed more or less at random over the beach. No definite 
linear trend is present, although the average value of the samples in 
each row increases inward from the shore line. The several contour lines 
on the map were drawn to indicate as much the absence of any definite 
trend, as to show a pattern which seems to fit the points. 
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The range of values of o, is from 0.48 to 0.61. The average value is 
0.53, which means that, on the whole, the average spread of the grains 
about their mean values is about half a Wentworth unit on either side 
of the mean.' The relatively small range of values here, combined with 
the apparently random pattern of the lines, bears on the question raised 
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Ficure 3—Map of areal variation of phi standard deviation, o, 


in the Little Sister Bay study, in connection with the tendency for the 
standard deviation to represent fluctuations about some fixed value 
throughout the environment. The present study seems to support the 
hypothesis that beaches may tend toward a fixed spread of their size 
frequency in a given stretch of beach, but, as in the previous paper, the 
question should be left open until more data accumulate. In any given 
stretch of beach the average action of the waves may be approximately 
uniform, so that selective processes, on which the spread of the curve 
depends in part, may be fairly constant. Local fluctuations in the value 
of the spread may arise in part from slight changes in the slope of the 
beach, as well as from the accidental variation in the last large waves to 
strike any given point during a storm period. 


SUMMARY 


The present paper seeks to supplement part of the findings in the 
study of the beach deposits at Little Sister Bay, by showing that there 
are certain underlying similarities on widely different beaches, which 
may point to generalizations which are valid for beach environments in 
general. It is interesting to note that, whereas the size variations of the 
deposits at Little Sister Bay could be detected with the eye, and the 
sampling grid modified to bring out the abrupt changes, at Waverly 
Beach, where the sand appeared homogeneous to the eye, a simple rec- 
tangular grid was adequate to develop the pattern of the deposits. 


1 Where the frequency curves are symmetrical on the phi scale, there is about 68 percent of the 
distribution in the range (Mg—og) to (My + 
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WELLINGS’ OBSERVATIONS OF DEAD SEA STRUCTURE 


(With discussion by BattEy 


Is the deep trough in which the Dead Sea in Palestine lies a rift valley 
or a ramp valley? Is it an effect of tension and subsidence, a graben as 
Suess defined that structure; or is it an effect of compression, a strip 
forced down between upcurving ramps? 

The former is the older view, clearly formulated by Suess (1892, vol. 1, 
p. 174, 481; English translation, 1904, vol. 1, p. 373) and upheld by 
Blanckenhorn (1896) and Picard (1931, 1932). The other explanation 


was suggested by me. 

The discussion between Picard and myself, published in the Geological 
Magazine for 1932, settled nothing, for neither of us could bring ade- 
quately convincing proof of our interpretations, and the old Scotch ver- 
dict of “not proven” was the rational one. It has remained for F. E: 
Wellings, Chief Geologist for the Iraque Petroleum Company, to bring 
forward the facts which, as I understand them, clearly demonstrate that 
neither of us was wholly right, although he finds evidence of compres- 
sion, rather than of tension. 

Prior to 1934, when he first courteously communicated his results to 
me, Welling had carried out detailed surveys of the Jordan-Dead Sea- 
Araba depression, with special attention to structure, and in May, 1936, 
in response to an invitation to publish his observations, he stated them as 


follows: 


“The first and most important tectonic discovery is the overwhelming evidence 
of compression on both sides of the Dead Sea Trough, in post-Eocene and again 
in Pliocene times. The eastern shore, particularly is folded into huge anticlines, 
trending N.N.E. and SS.W., obliquely to the border faults, which present them to 
view and expose Cambrian, Pre-Cambrian, and even sheared Archean granite in 
their cores, be’ w the Nubian (Cretaceous) ‘sandstone. 

“The border © ults are not unbroken; for long distances the Senonian and Eocene 
dip gently into the valley on both sides of the Jordan and Araba, at either end of: 
the Dead Sea, generally in synclinal areas between the oblique folds. 

“The deepest part of the Dead Sea is opposite to the biggest fold, exposing Cam- 
brian on the eastern shore. These oblique folds die out in Transjordan 30 kilo- 
meters east of the eastern fault. 

“There are no zig-zag tension faults; the eastern fault dies out north of the Dead 
Sea, swinging outwards along the flank of the northernmost anticline; it also dies 
out southwards in the syncline between two oblique anticlines. The Ed Draa syn- 
cline of Senonian / Eocene / Usdum series extends between faults which truncate 
two oblique folds, one exposing Cambrian and the other Pre-Cambrian, with clo- 
sures of nearly 1000 meters. 

‘There is everywhere genetic connection between border fault and oblique anti~ 
cline. The shorter faults are crescentic, convex to the trough, and always truncate 
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an anticline, as in the Mount of Temptation behind Jericho. In the Nabi Musa 
syncline farther south there is no border fault, only a dip slope until the northwest 
corner of the Dead Sea is reached, where another fold and fault start together and 
increase southward. 

“As regards oblique folds in the trough itself, there is one in the Araba which 
exposes Senonian. For 50 kilometers north of it on the west side there is no border 
fault, but only a gentle dip slope into the valley. 

“On the whole the distances without border faults in the Jordan-Dead Sea-Araba 
trough are as great as those with faults, the vertical displacement being taken care 
of by folding. 

“There is evidence also of horizontal displacement.in the dissimilarity of the two 
sides of the trough from Beisan to Akaba, which do not match or correspond as 
regards facies of pre-Nubian formations. There are black Cambrian limestones on 
the west side 30 kilometers north of Akaba under the Nubian, but the opposite 
side, 20 kilometers away, shows no trace of Cambrian between the continuously 
exposed Nubian and peneplaned granite, until the south end of the Dead Sea, 
150 kilometers farther north. 

“Again in a fold due west of the south end of the Dead Sea, marine upper Jurassic 
appears below the Nubian, whereas on the eastern shore, where Cambrian is exposed 
on three anticlines, there is no Jurassic below the Nubian until 45 kilometers north 
of the Jordan mouth. At this locality the Jurassic has the same peculiar fauna of 
Somaliland brachiopods as on the opposite side, 150 kilometers away. These strati- 
graphical observations confirm Dubertret’s theory [Dubertret, 1932, p. 66] of a 
160 kilometer southward slip of the Palestine-Sinai block, an idea originally con- 
ceived by Lartet [1869, p. 13, footnote] to make the two sides of the Red Sea fit. 

“The fault movements can thus be dated at least as far back as the end of the 
Jurassic. Sedimentation was continuous from Middle Cretaceous till the end of the 
Eocene, the Senonian and Eocene being represented by deeper water chalks. in the 
trough, which contrast with shallow water Maestrichtian and absence of Eocene over 
the Judean and Transjordan highlands. The post-Eocene folding gave rise to a 
trough along the present Jordan-Dead Sea-Araba valley which was filled during the 
ensuing Oligocene and Miocene periods with the thick Usdum conglomerates, sand- 
stones, and gypseous marls, the upper beds of which are Middle Pliocene, After- 
wards came the uplift of the highlands on either side resulting in the huge border 
faults and the oblique N.N.E.-SS.W. folds.” 


Among the exact and important observations made by Wellings, that 
which most nearly touches the question of the origin of the Dead Sea 
Trough is the genetic connection between the folding and the faulting, 
specifically noted and described by him. The rising anticlinal arch was 
cut off obliquely, and the height of the face increased as the folding 
progressed. The vertical throw dies out in synclines between cut-off 
anticlines. Obviously the displacement is due to the up-arching. The 
effect is the same as that which occurs along the San Andreas Fault in 
southern California, where the San Gabriel Range is cut off by the fault 
and the height of the scarp or throw depends upon the arched form of the 
mountain. There the surface of the arch is the Pliocene peneplain, eroded 
across granitic and metamorphic rocks of the basement complex, whereas 
in Palestine the mantle consists of stratified rocks. In the latter, one may 
recognize anticlines and synclines, but the deformation which has caused 
the folding originated in the underlying basement rocks, and the two 
examples of vertical displacement in connection with compression and 
shortening are mechanically the same. 
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Wellings further deduces from the unlikeness of the two sides of the 
Dead Sea Trough, and from the occurrence in two places of identical 
geologic conditions on opposite sides but far apart longitudinally, the 
conclusion that there has been horizontal shift of such a nature that the 
western side has slipped southward past the eastern. Strike-slip displace- 
ments of large magnitude have occurred on the San Andreas Fault, and 
an actual shift of several meters was observed in the 1906 earthquake. 
The resemblance of the Dead Sea Fault as described by Wellings to the 
well-known San Andreas Rift is in these respects close. 

The comparison may be carried even further, for it extends to relations 

of age. Wellings dates the original faulting, apparently the development 
of a vertical shear on either side of the Dead Sea Trough, as having 
occurred during the late Jurassic and places the folding, together with the 
vertical displacements, in the late Pliocene and Pleistocene. The San 
Andreas is known to be a vertical shear with strike-slip movement, dat- 
ing probably from late Mesozoic time; the compression that has arched 
the San Gabriel mass is late Pliocene and Pleistocene. In both, an older 
fault on which movements were predominantly horizontal has become the 
parting on which vertical displacements were facilitated and at which 
folds terminated. 
_ Wellings accompanied his account of the structure of Palestine and 
Transjordania with a map, which is reproduced on a reduced scale in 
Figure 1.1. It presents four principal anticlines and a monocline west of 
the Dead Sea and three others diverging from the eastern coast. Strike- 
slip faults are shown on both sides of the trough, but they pass into 
monoclines both to the north and to the south. The contemporaneous 
movements of folding and faulting are clearly related in one and the same 
system of stresses, and that system comprises a force couple lying in a 
horizontal plane. It is oriented north and south and has resulted in 
vertical shears—i.e., the border faults. 

Compression and folding characterize the eastern border of the Medi- 
terranean. This fact has been emphasized by Krenkel (1924, p. 274; 
1925, p. 101, map), who has described the folded mountains of Syria as 
part of an arc, which he named der Syrische Bogen and traced from Syria 
to Egypt. The axial trends are nearly north-south in the northern area, 
but in Palestine they appear to be influenced by the rotational effect, 
for they are turned into a northeast-southwest position. That orienta- 
tion is at right angles to the shortened diagonal of the strain rhomb. 
The mechanical relations and effects are clearly illustrated by the experi- 
mental studies of M. K. Hubbert (1928). 


1 For more general map of the region, see Bailey Willis: Dead Sea problem: rift valley or ramp 
valley, Geol. Soc. Am., Bull., vol. 39 (1928) map opposite p. 542. 
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In experimental studies of this character it is usual to apply a pres- 
sure to the solid and to observe the development of the force couple and 
shear at a more or less acute angle to the direction of pressure. Com- 
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Ficure 1.—Palestine 
With structural details after Wellings. 


pression and tension are both present in the solid, but they do not result 
in distortion so long as shearing by the force couple is the easier mode of 
adjustment. If, however, any condition arises in consequence of which 
the slipping on the shear becomes more difficult than folding in mantling 
sediments, then folding may ensue, and it will develop at an acute 
angle to the shear. The actual number of degrees in that angle depends 
upon the degree of compression, as'shown by Hubbert. 
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In the case of the Dead Sea faults, it appears from Wellings’ studies 
that the vertical shears, which he calls border faults, originated during 
the late Jurassic. Strike-slipping followed, and the two sides of the fault 
zone became displaced by the relative southward movement of the western 
block. The late Jurassic formation was thus displaced, apparently by a 
considerable amount. Continuous sedimentation went on during the 
later Cretaceous and Eocene, whether with or without further strike- 
slipping on the faults does not appear. Folding ensued “along the 
present Jordan-Dead Sea-Araba Valley, which was filled during the 
Oligocene and Miocene” with a thick series of sediments. They were 
clastic and require recognition of rising lands from which they were 
eroded, as well as of the subsiding trough in which they were deposited. 
The cause of these vertical movements remains obscure. The sedimen- 
tation continued until the Middle Pliocene. “Afterwards came the uplift 
of the highlands on either side, resulting in the huge border faults and the 
oblique N.N.E.-S.S.W. folds.” 

If one reviews this history, it appears that there was a change of condi- 
tions which developed at the end of the Eocene and introduced stresses 
that deepened a trough in the zone of shearing and raised the adjoining 
lands. It is logically inferable that the resistances to strike-slipping and 
to compression were so modified that the former became the more difficult 
and adjustment was continued by the latter phase of deformation. 

Such a change in effective stresses might be brought about by: (1) 
increase of pressure normal to the vertical shear plane which is now the 
locus of the border fault; (2) a growing resistance to southward displace- 
ment of the Palestine block or to northward movement of the Arabian 
side; (3) weakening of the internal firmness of the Palestine and Trans- 
jordan blocks by crushing and thrust faulting. 

One might elaborate the analysis, but it would serve little purpose, 
because the criteria for discrimination are lacking. None of the three 
conditions named is impossible or exclusive. All three might be simul- 
taneously effective, as will appear from brief consideration. 

‘ Increase of pressure normal to the shear plane or planes in the zone 
of the trough might result from intensification or from slight change of 
direction of the initial pressure. Since intensification would increase the 
shearing and normal stresses in about equal proportions the change would 
not diminish the tendency to slip, and that assumption is weak. But 
change in the angle of incidence of the pressure would have the appro- 
priate effect. 

Or, if one regards the movement as one of rotation of the Palestine 
block in ‘a clockwise direction and logically extends the assumption to 
include the peninsula of Sinai, it may be inferred that folding in the Gulf 
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of Suez progressed to a degree at which the compressed and folded rocks 
firmly resisted further deformation and checked the slow, imperceptible 
movement of the rotating block. That orogenic shortening and its 
inevitable horizontal shift of large masses are from time to time effective 
or ineffective is a well-established fact of geologic history. 

The third condition, progressive internal crushing, is recognizable as 
a result of prolonged or repeated application of pressure to massive rocks, 
whether they be granitic or metamorphic masses. It is seen in the devel- 
opment of primary and secondary jointing and faulting. Examples of 
extreme degrees of deformation of this kind are common in the Coast 
Ranges of California, and in certain places where they have been objects 
of special attention underground, the most intense crushing has been the 
locus of overthrust faulting. I refer to my experience as a geologist 
during the driving of the Hetch Hetchy tunnel in the Mt. Hamilton 
Range for the aqueduct for San Francisco. As applied to the Dead Sea 
structure the crushing would have affected the basement complex of pre- 
Cambrian rocks beneath the Paleozoic and later sediments in Palestine in 
such a degree as to cause them to yield by intimate shearing and to swell 
upward, as the similar rocks of the San Gabriel Range in southern Cali- 
fornia have swollen and arched the surface. But in Palestine the arching 
would initiate anticlines in the mantling strata and give rise to the struc- 
tures mapped by Wellings. 

Furthermore, it is a common mechanical result of continued pressure 
ina zone traversed by vertical shears that the crushed rock in the zone is 
squeezed both up and down, with the result that the stresses are carried 
back into the adjacent masses. Thrust faults are thus developed in the 
latter, and they curve upward in the direction of least resistance. They 
thus become up-curving thrusts or ramps. The mass riding on such a 
ramp is forced upward, while the adjacent body is forced downward. 
This is the simplest explanation, apparently, for elevation and depres- 
sion of adjacent segments when the lack of flexibility imposes failure 
by shearing instead of folding. It now appears to be the direct sugges- 
tion of the mechanical analysis of the available data relating to the Dead 
Sea Trough and the adjacent plateaus. 

It may seem at first sight that this suggestion of ramping as a cause 
of the depression of the Dead Sea Trough is a reiteration of my views as 
published in 1928. The conclusion is the same in effect, but the deriva- 
tion of the hypothesis is modified by the new facts observed by Wellings. 

The effect of a rotational shearing couple being evident in the border 
faults along the Dead Sea Trough and in the secondary folds in the 
adjacent plateaus, it becomes pertinent to consider the possible origin 
of the force couple. 
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Rotation is the requisite motion. For instance, if we hold a rotating 
grindstone against a fixed body we develop a force couple between the 
two. In the case in point, Palestine appears to be the rotating body, the 
larger mass of Arabia the fixed one, though it also may have moved, and 
the force couple between the two is shown to have been effective, even 
though the strike slip is only a few kilometers in many million years and 
the angular twist not more than a degree or two. 

The outlines of the turning segment of the crust are indicated by the 
tectonic features that have resulted from the twist. On the north, they 
follow the margin of the Plateau of Palestine, south of the Beisan Plain, 
to the Jordan Valley, where they become tangent to the Dead Sea Trough. 
The Araba Depression and the Gulf of Akaba extend the eastern bound- 
try to the elevated point of the Sinai Peninsula. The synclinal depression 
of the Gulf of Suez and the Isthmus carry us back to the Mediterranean, 
which we left at Haifa, at the base of Mt. Carmel. That height appears 
to be overthrust toward the Beisan Plain. 

The overthrust of Mt. Carmel, the flexure north of Jericho toward the 
Jordan Valley, the border faults along the Dead Sea, the depression of 
th Dead Sea Block, the Araba Valley, and the Gulf of Akaba, as well 
as the Suez syncline and the upthrust of the tilted Sinai block, all fall into 
line as effects of a slight clockwise rotation of the enclosed segment; and 
the internal structure of the segment, as expressed in folds of the sedi- 
mentary strata, is logically explained by the same movement and the 
resulting stresses. But what could be the origin of such a movement? 

Before attempting to answer the question along lines of hypothesis that 
seem to me most natural, I would quote from a recent European writer, 
who has briefly presented his own and others’ views, based upon the idea 
of continental fragmentation and drift. I translate from Dubertret 
(1932, p. 66-68) : 


“The structural forms of Syria and Palestine, described by M. Blanckenhorn, have 
not yet been interpreted as a whole. 

“The broad massifs and depressed zones of Syria and Palestine present here or 
there the character of domes and synclines, or those of horsts and grabens. They 
originate in deformations of the foundation rocks; and the passive sedimentary 
mantle is folded only as a secondary effect. The massifs and great fractures follow 
the Mediterranean littoral, but the primitive basement extends toward the west. The 
massifs and faulted plateaus as a whole are nothing more than the remains of an 
ancient zone of weakness within the primitive pedestal” (socle) “which, having been 
subjected to prolonged tensions, has finally been broken apart.” 


The author then comments upon the views of Kober, Krenkel, Willis, 
and von Seidletz in regard to the structures that surround the eastern 
Mediterranean, from the Taurus Ranges in Asia Minor to Egypt, and, 
expressing agreement with the idea that one has to deal with deformation 
of deep-seated rocks, he proceeds: 
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“My conclusions, based upon detailed observations gathered in the course of ex- 
plorations that have been continued during the past five years, have led me to 
inquire how the ancient African continent has broken up. Three fragments of it are 
known in the eastern Mediterranean region: the pedestal of Africa proper, the ped- 
estal of Arabia, and the pedestal of Sinai, the latter being limited on the west by 
the fracture of the Gulf of Suez, on the east by the Gulf of Akaba, the Dead Sea, 
the Jordan, and farther by a line that extends northward toward Beyrut. If the 
hypothesis of the origin of the pedestals” (as fragments of an ancient African con- 
tinent) “be admitted and the displacements be referred to Arabia as a fixed mass, 
the dislocation of the primitve continent may be regarded as having comprised: 
1) a slipping of the Sinai block for 160 kilometers toward the south, along its eastern 
border; and 2) a rotation of the African pedestal through 6°, 4’ in a clockwise 
direction, around a center situated in the Mediterranean.” 


Dubertret then applies the concepts of fragmentation and rotation to 
the development of the mountain ranges of Syria and Palestine in some 
detail. Unfortunately for an otherwise interesting hypothesis, it is 
based, as the author says, upon the assumption of a primeval African 
continent and its fragmentation. But the question may be asked: was 
there ever a continent composed of these so-called fragments; and it 
appears that factual evidence of its former continuity is wanting. The 
granitic masses are intrusive bodies of plutonic origin. Their separate 
development and eruption as batholiths can be traced logically to 
geophysical processes. The seeming reality of their former continuity 
is a mirage which will disappear with the intellectual atmosphere in which 
it is reflected. 

Nevertheless, the alternative suggestions which I would propose for 
further consideration have something in common with Dubertret’s 
observations. I recognize three bodies, Africa, Sinai-Palestine, and Arabia, 
and regard the evidence of southward displacement of the sinai-Palestine 
block with reference to the Arabian as clearly indicated by structural 
relations, as described by Wellings. The concept of rotation is involved, 
though I would apply it to Sinai-Palestine, not to Africa. Even this 
smaller body extends over some five degrees of latitude and, though 
irregular in form, has a diameter of approximately 300 miles, if one 
includes a part of the eastern Mediterranean Basin. These dimensions, 
if stretched a little, are comparable with those of continental fragments, 
and the postulated movements may suggest continental drift. 

There is, however, a distinction of dynamic nature, which I would 
emphasize. Continental drift is an impotent speculation, because no 
force adequate to produce the movement of a continent has ever been 
discovered. Discoidal expansion, of which discoidal rotation would be 
a logical result, is postulated, on the other hand, in regions where there 
is independent evidence of internal activity in the form of earthquakes, 
igneous eruptions, and deformation (Willis, 1929, 1932a, 1936), all of 
which activities are attributable to that ubiquitous, rejuvenant form of 
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energy, heat, acting through its power to stimulate molecular forces and 
cause metamorphic changes. 

In the Dead Sea area the fundamental pre-requisite of the metamorphic 
theory is amply met. There is abundant evidence of dynamic energy in 
earthquakes, igneous extrusions, and orogenesis in the districts bordering 
the eastern Mediterranean Basin to justify the assumption that that basin 
is a dynamic area in which adequate stresses have developed and are still 
developing. These manifestations have been contemporaneous among 
themselves and continuous during the Pliocene and Pleistocene periods, 
during which the folding described by Wellings took place. 
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ABSTRACT 


The luster of coals as indicated by reflected light has been used in classifi- 
cation of coal by other workers. The present writers have measured the 
index of refraction of various vitrain samples by determining the angle 
of maximum polarization in reflected light. Measurements were made 
on a Fuess goniometer. The order of accuracy was not greater than 0.015 
for the indices of refraction. Using this order of accuracy, it was found 
that the index of refraction of the vitrain in banded coals indicates the 
rank of the coal, and its approximate British thermal unit (B. t. u.) value 
on a “moist mineral-matter-free” basis. Other methods are proposed, and 
the experiments are to be continued. 
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INTRODUCTION 


For the Illinois State Geological Survey, McCabe ' has carried on an 
intensive study of the physical properties of coals in relation to rank and 
heating value, and has called attention to the general problem of measur- 
ing the index of refraction of opaque and nearly opaque substances. This 
paper is the result of the co-operation of the writers in attempting to meas- 
ure the index of refraction of a nearly opaque substance named vitrain 
by Stopes (1935). It describes the methods, the results, the apparent 
usefulness of the results, other methods projected, and other possible appli- 
cations of the methods. 


PREVIOUS INVESTIGATIONS 


Other workers have tried to correlate the optical phenomena exhibited 
by coals with their classification. 

Hoffman and Jenker (1933) have shown that the “index of reflection” 
is a characteristic of coal rank and that the Leitz slit microphotometer 
may be used in determining the different intensities of reflection. Zhem- 
chuzhnikov (1936) measured the luster of several Russian coals with a 
color analyzer and found that the degree of luster was an indication of 
rank. Luster-volatile matter curves based on data from Sucan and 
Donetz coals were satisfactorily used for determining the rank or volatile 
content of other coals. 

Inasmuch as all reflected light is partly polarized, all measurements 
of reflected light, including luster, involve indirectly the measurement of 
light polarized by reflection. Consequently, direct determination of the 
angle of maximum polarization (from which the index of refraction may 
be computed) should yield results of more precision than those based 
partly on polarization and partly on other surface effect which produce 
variations in luster. Reliable determinations of the index of refraction 
of the vitrains in banded coals should confirm the conclusions of Hoffman 
and Jenker and of Zhemchuzhnikov, and should afford more precise corre- 
lations. 

In 1934, Fisher reported refractive indices of 1.76 for bituminous vitrain 
- and 1.87 for semi-bituminous vitrain. 

Early in the present investigation, several determinations of the refrac- 
tive indices of vitrains from certain banded coals were made by immersing 
the 150 x 200-mesh powder in oils. It was found that the indexes of all 
the samples fell between 1.6 and 1.8. However, difficulty was encountered 
in securing oils in this high index range which were closely enough spaced 
to separate some of the coals. 


1The results incident to the work of L. C. McCabe are published with permission of the Chief, 
State Geological Survey of Illinois. 
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MEASUREMENTS OF INDEX OF REFRACTION 
GENERAL STATEMENT 


Standard methods of measuring index of refraction are based upon (1) 
the minimum angle of deviation; (2) the angle of total reflection, ordi- 
narily by glancing incidence into a hemisphere of high index of refraction 
against which a polished face of the substance to be measured is placed; 
(3) immersion in oils of known indices of refraction. 

The minimum angle of deviation is obtained by passing a beam of light 
through a transparent prism of the substance investigated, mounted on 
a goniometer. The index of refraction is derived from a well-known rela- 
tion between the angle of minimum deviation and the angle of the prism: 


Sin ¥% (a + 8) 
Sin Ya 


in which n = index of refraction 
a= the angle of the prism 
angle of minimum deviation 


The angle of total reflection is most readily determined with the aid of 
an instrument known as the Total Refractometer, an instrument not found 
in many American university laboratories. 

Small fragments of vitrain may be immersed in oils of known indices 
of refraction, and the index of the vitrain may be estimated, noting the 
“Becke line” effect familiar to all students of optical mineralogy. 

All these methods are difficult to apply to coal because of its almost 
opaque nature. However, there is a variation of the usual total reflection 
method by which light is passed from the front through the hemisphere, 
reflected from even an opaque object at the back, and rotated to the posi- 
tion of complete reflection. This method might apply to coal very well 
were it not for the fact that the index of refraction of most vitrains runs 
considerably above that of the ordinary glass hemispheres. 

Most vitrains have an index of refraction exceeding 1.7, whereas refrac- 
tometers of the Abbé type ordinarily do not measure indices higher than 
1.7. This makes calibration of a set of oils suitable for immersion methods 
very inconvenient, although, of course, it can be done by the use of a suit- 
able hollow prism in determining the angle of minimum deviation. 

Light which is reflected from a polished surface is polarized in the plane 
of the incident ray, which means that the direction of vibration is at right 
angles to the incident and reflected rays. The refracted ray, on the other 
hand, vibrates in the plane of the incident and reflected ray. There is an 
angle of reflection and incidence at which polarization of the reflected ray 
is more complete than at any other angle. This is known as the angle of 
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maximum polarization, and the course of the reflected ray is at right angles 
to the direction of the refracted ray at the angle of maximum polarization. 
According to Brewster’s law, the tangent of the angle of maximum polari- 
zation is equal to the index of refraction in the direction of the refracted 
ray. The approximate angle of maximum polarization of coal can be 
rather easily recognized from polished surfaces; and in certain coals a 
sharp point of maximum extinction can be detected with analyzing Nicol 
prism. With a goniometer and a bright source of light, even on faces of 
coal which are not very well polished, a definite position of extinction can 
be recognized. The angle between the direction of the light source and 
the observing telescope is equal to twice the angle of incidence, from which, 
as stated before, the index of refraction can easily be determined. If one 
swings the angle of incidence beyond the point of maximum polarization, 
extinction is not perfect. By moving the telescope to and fro on the scale, 
positions of greater or less perfection of extinction may be observed, and 
the position of most nearly perfect extinction gives the angle of maximum 
polarization. 


EQUIPMENT AND PROCEDURE USED 


Actual measurement of the angle of polarization of the polished vitrains 
was made with a Fuess 2a horizontal goniometer and a Leitz polarization 
apparatus. With the aid of a vernier, this goniometer reads accurately 
to half minutes of arc, but it was found that readings to the nearest five 
minutes were beyond the degree of accuracy obtainable with the method 
and equipment used. 

The apparatus consists essentially of a light source, a goniometer, and 
an analyzing Nicol prism. The arrangement of the essential parts of this 
apparatus are indicated diagrammatically in Figure 1. 

It was known beforehand that light reflected from a vertical surface 
is polarized with vertical vibration; consequently, it was expected that if 
an analyzer were adjusted to transmit vertical vibrations the intensity 
of transmitted polarized light would be maximum. If the analyzer were 
placed transversely to vertical vibration, there should be near extinction 
of the reflected light. 

Two methods of analyzing the degree of polarization by reflection are 
available. One may polarize light before it reaches the reflecting surface 
and use the reflecting surface as if it were an analyzing Nicol prism. Or 
one may direct ordinary unpolarized light upon a polished surface and 
analyze the reflected beam with the aid of a Nicol prism. By experiment 
early in the investigation the second method was found to give the more 
definite results, and it has been adhered to in all later trials. 

The practice was to mount a polished specimen of vitrain in wax upon 
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the stage of the goniometer. The polished surface was adjusted into verti- 
cal position as near as possible to the center of the stage. During these 
preliminary adjustments it was convenient to drop the accessory lens of 
the telescope into position and to dismount the analyzing Nicol. It was 


Ficure 1—Diagram of apparatus for determining angle of maximum polarization on 
a goniometer equipped with an analyzing Nicol eye-piece 


(A) Light source; (C) collimator; (L) lens; (I) incident beam, unpolarized light; (S) specimen; 
(G) goniometer stage; (R) reflected beam, polarized light; (H) cross hairs; (NA) Nicol prism 
analyzer; (i) angle of incidence; (r) angle of reflection. 


found convenient to align the image of the Websky slot in the collimator 
with the cross hair of the telescope and to clamp the stage in such position 
that the horizontal circle read 180 degrees at that setting. A swing of the 
telescope toward the collimator then read less than 180 degrees. After 
the Nicol prism was mounted over the telescope eye-piece, the accessory 
lens of the telescope objective being removed, the polished specimen was 
rotated on the freely turning, central goniometer support. When the image 
of the Websky slot appeared through the eye-piece of the telescope the 
polished face must be at equal angles with the incident beam from the 
collimator and the reflected ray to the telescope. In any position of 
telescope and specimen such that the cross hair of the telescope coincided 
with the center of the reflected image of the Websky slot, the telescope 
was turned from the line of the collimator through an angle equal to the 
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angle of incidence plus angle of reflection, which are equals, and the angle 
recorded as 2i. As the reflection surface must be rotated one degree for 
every two degrees of alteration of the telescope, in order to make a series 
of observations telescope and specimen ordinarily were adjusted individ- 
ually for every reading. When the Nicol analyzer was placed in position 
transverse to vertical polarization it was easy to see that the light trans- 
mitted was much brighter at high angles and low angles of 2: than at 


Taste 1.—Polarization angles and refractive indices of vitrains and related substances 


Laboratory or Index of 
Material Source sample number 2% refraction 

Jet Whitby, England 114°22’ 1.55 
Pleistocene lignitic wood Fulton County, Ill. 117°00’ 1.632 
Woody lignite Hernando, Miss. C-1697 117°00’ 1.632 
Vitrain Lafayette, Colo. C-1048 119° 10’ 1.703 

id Pershing, Iowa C-1779 119°30’ 1.715 

” Middle Grove, IIl. C-1703 119°45’ 1.723 

” Roanoke, Ill. C-1704 119°45’ 1.723 

™ Booneville, Ind. C-1690 120°30’ 1.750 

“ Harrisburg, Il. C-1692 121°00’ 1.768 

ws Gibsonia, Ill. C-1691 121°30’ 1.786 

Hartshorne, Okla. C-1698 121°45’ 1.795 


intermediate angles. It was clear that, starting with a low angle of 2i, 
and increasing the angle steadily, extinction became first progressively 
more effective until darkness was reached, whereafter the intensity of 
transmitted light increased to a high degree at large angles of 2i. The 
purpose being to determine the point of maximum polarization, the prac- 
tice was first by inspection to locate as closely as possible the place of 
complete extinction, to clamp the telescope at that angle, and, using the 
fine adjustment screw, to shift the reading by fractional degrees until the 

actual position of maximum extinction was found. 

The specimen must be adjusted so as to keep the image centered while 
the telescope is swung back and forth in search of the point of maximum 
polarization. This operation was made easy by adding a mechanical 
device to gear the movement of the specimen holder to the movement 
of the telescope. 

It was convenient, as already explained, to read twice the angle of polari- 
zation (the angle of incidence plus the angle of reflection) for each vit- 
rain. This value (2i) and the tangent of one-half of 2: (the index of 
refraction) is recorded in Table 1. Readings of 2: were made to only the 
nearest one-fourth degree. 


PREPARATION OF SPECIMENS 


In order to obtain a good reflection from a vitrain surface, the vitrain 
band should be at least 2 mm. in width. Difficulty with the coal from 
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Gibsonia, Illinois, was overcome by splitting the block parallel to the 
bedding and grinding down to the vitrain layer. 

In all other coal specimens studied, bands were thick enough to produce 
a quarter-inch cube. The face to be polished was ground smooth on a lap, 
and was further planed by hand on a wet Belgian hone. A first polish 
was then made on a felt-covered lap kept wet with a suspension of finely 
ground alumina. Final polish was completed, dry, on a small lap covered 
with Selvyt cloth. . 

A perfect polish is not essential for accurate determination of the angle 
of polarization. However, a mirror surface is highly desirable as it gives 
the maximum amount of polarized light possible for the specimen at the 
angle of polarization and consequently the most definite extinction by the 
analyzing Nicol. 

LIMITATIONS OF THE METHODS USED 


Mechanical difficulties of this method are due primarily to the fact that 
not all substances reflect incident light perfectly. Light which is not 
reflected must be either transmitted or absorbed, and, for substances which 
have strong absorption, there is ordinarily a photo-electric effect produc- 
ing elliptical polarization at the surface. This effect is extremely disturb- 
ing and in some cases makes the angle of maximum polarization so in- 
determinable as to be of little diagnostic value. According to Johannsen 
(1918), M. Jamin has claimed that substances with an index of 1.46 have 
maximum polarization which is complete polarization, whereas substances 
of indices departing from 1.46 can have maximum polarization only in de- 
creasing amounts. However, our experiments with diamond and other 
substances of high indices show conclusively that minerals of high index 
may have very nearly perfect extinction when the analyzing Nicol is put 
in. Experience shows that the approach to perfection of polarization may 
be just as close with sphalerite, which has an index of 2.37, as with fluorite 
(n 1.4839), which is close to the perfect index. A good extinction was also 
found from a crystal face of rutile with index of refraction of more than 
3.; consequently, the writers are confident that this method has no prac- 
tical upper limits of effectiveness. Furthermore, following Arago’s law, 
reflected and refracted rays polarizing in planes at right angles to one 
another contain an equal amount of polarized light. Consequently, in 
the absence of definite absorption effects at the reflecting surfaces, there 
seems no theoretical reason for Jamin’s conclusion. 

Certain attempts to determine the index of refraction of unpolished coal 
surfaces were not satisfactory, due in considerable measure to the fact that 
it was not possible to see the cross hair of the telescope, and consequently 
it was not possible to tell within several degrees the direction in which 
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the telescope was pointing. Well-polished surfaces enable one to tell ex- 
actly the center of the light image cast through a Websky slot, but a poorly 
polished face or merely a surface of cleavage, which was used in some 
cases, inhibited a sharp image of the light source and consequently pre- 
vented accurate centering of the cross hair. Nevertheless, even with an 
unpolished surface it is certainly possible closely to approximate the index 
of refraction of the vitrain. But only if the surface is sufficiently well 
finished so that the Websky image can be at least closely located is it pos- 
sible to read with any degree of assurance. The errors are otherwise 
likely to become quite large. A series of determinations on an unpolished 
sample from the Eagle Seam of West Virginia gave readings as low as 
119° 45’ for 2i on general reflection, but with the cross hair visible, using 
a polished surface, the same vitrain gave a reading of 122°, which is known 
to be more nearly the true value. A remarkable reading was made on 
a piece of Whitby jet which gave the surprisingly low angle of 114° 22’ 
for 2i, yielding the index of refraction of 1.55, lower even than the 1.63 ob- 
tained from a piece of Pleistocene coalified wood from Fulton County, 
Illinois. The jet is from almost unmetamorphosed rocks of Tertiary age, 
and should be much lower in index than the poorest known Pennsylvanian 
coals, which are slightly less than 1.7. In view of this fact, it is perhaps 
surprising that the Pleistocene coalified wood gave so high a value, but 
at this stage of the investigation it is not known what other factors have 
to be considered in the determination of the index of refraction of the 
vitrains. 
PROPOSED IMPROVEMENTS IN METHODS 

Various photometric devices have been tried for the determination of 
a sharper position of maximum polarization than is easily obtained by 
seeking the position of total extinction by the method already described. 
This is an inherently difficult method to operate accurately because the 
observer looks first for a very faint light when the analyzing Nicol is in, 
then he moves the test specimen so as to bring the Websky slot reflection 
to the cross hair in the telescope, then he must turn on sufficient light to 
record the reading, and immediately afterward he has to use the faint light 
of almost complete extinction in order to determine whether or not, upon 
moving the telescope as he views the test piece, he is approaching the angle 
of maximum polarization. This type of measurement rapidly tires the eye. 

It is proposed to follow a different system with the aid of a photometer. 
This method consists in reading an angle when a faint light is transmitted 
through the analyzer from the reflecting surface. That light is then 
matched by the use of a photometer. With the photometer continuously 
recording the degree of intensity corresponding to the last point of ob- 
servation, the observer is able to see rather easily whether the intensity 
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is increasing or decreasing as the position of the telescope is moved. It 
is also planned to plot a series of readings showing relative intensity of 
light from the photometer against the corresponding angles of refiection 
according to the goniometer. From a curve based upon such a series of 
readings, provided that the curve is regular and symmetrical, it should be 
possible to locate the point of maximum extinction, even though the-.ob- 
server never actually took a reading at that point. Such readings with 
an adequately calibrated photometer should yield results accurate at least 
to the third decimal place of the index of refraction. 

Readings were made also with a photo-electric cell. Inasmuch as the 
intensity of light near the maximum angle of polarization is low, very 
delicate apparatus is necessary for satisfactory results. Accordingly, the 
analyzer was changed to a position parallel with the polarization due to 
reflection. Intensities at various positions were then measured. The most 
intense polarized light recorded represented the position of maximum 
polarization. The galvanometer readings from the photo-electric cell in- 
dicated an unsymmetrical curve from which a maximum point could be 
read, but the order of accuracy was not high enough to be an improvement 
upon the writers’ method of direct observation. Experiments indicate 
clearly that this method can be made to work satisfactorily with a sensi- 
tive photo-electric cell, a light source of constant intensity, and a very 
sensitive galvanometer. Experiments are to be continued with more 
sensitive apparatus. 

Another method of investigation makes use of the angle of total reflec- 
tion. Half cylinders of optically clear (n 2.37) sphalerite replaced the 
hemispheres of high-index glass to be used in association with liquids of 
high index. Unfortunately, most of the liquids available are explosive, 
inflammable, or highly poisonous. However, it appears that tetra-iodo- 
ethylene, as announced by Anderson and Payne (1934), dissolves readily 
in methylene-iodide and with sulphur in this liquid forms a stable clear 
solution of index value exceeding 1.8. A supply of this compound was 
made by the Department of Chemical Manufactures at the University 
of Illinois, under the direction of Professor C. S. Marvel. Higher values 
can be obtained by the use of phenyl-di-iodoarsine, which is for sale by 
commercial producers; however, it is not only difficult to handle because 
it blisters the hands, but it is also highly poisonous. It is hoped that a 
suitable experimental set-up can be arranged by which the sphalerite 
half-cylinder can be used to make more accurate readings of the index 
of refraction of vitrain than are possible by the angle of maximum polari- 
zation. The physical difficulties of making a half-cylinder of true curva- 
ture from sphalerite, which is brittle, and easily cleaved and scratched, 
has naturally been attended with real mechanical difficulties. If it is pos- 
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sible to get readings directly from polished surfaces of vitrain, using the 
total reflection method, much better data relative to the relation between 
index of refraction of included vitrains and the rank of coals can be 
secured. These experiments are being continued. 


INDEX OF REFRACTION OF VITRAINS 
POLARIZATION AT DIFFERENT POSITIONS IN A VITRAIN BAND 


A number of vitrain cubes were polished on three faces, making it pos- 
sible to determine the angle of polarization in three directions.? For 
every sample the angle of polarization was identical for all directions of 
sectioning. Observations indicate that the angle of polarization and the 
index of refraction as far as the second decimal point are independent 
of directions. Hence, it was assumed that no importance need be attached 
to the orientation of the specimen with respect to the bedding. 


POLARIZATION OF VITRAINS FROM DIFFERENT PARTS OF THE SAME MINE 

The index of refraction of several vitrain specimens from different parts 

of the mine at Nashville, Illinois, was determined. The values are iden- 

tical, which indicates that vitrains from the same coal bed in the same 
mine have the same index of refraction. 


POLARIZATION OF VITRAIN FROM DIFFERENT POSITIONS IN THE BED AT THE 
SAME LOCALITY 


There was also available from the Nashville mine, a column collected 
in 1931. This column had been sawed parallel to the bedding into 2-cm. 
blocks. Eight of these blocks, having good vitrain bands, were selected 
from the column for the determination of their refractive indices. In five 
of the blocks the index of refraction was identical with that observed on 
fresh vitrains collected six years later, and in three blocks it was very 
slightly lower than that recorded for the fresh samples. Oxidation or loss 
of moisture might account for the lower index of refraction in these three 
blocks, but essential agreement in value of vitrain bands throughout the 
whole coal bed is evident. 


REFRACTIVE INDICES OF VITRAINS AS AN INDICATION OF 
COAL RANK 


The primary purpose of this study was to find a relation between the 
index of refraction of the vitrain and other properties of banded coal. This 
seems to have been accomplished. There is no doubt that coals con- 
taining vitrain of a high index of refraction have a high B. t. u. value. 

The values of the index of refraction of vitrains computed from maxi- 


2 This topic and that of the following section have been treated in more detail in a slightly earlier 
paper by L. C. McCabe and T. T. Quirke (1937). 
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mum polarization determinations (Table 1) were plotted (Fig. 2) against 
the B. t. u. value of moist mineral-matter-free vitrain. The plotting 
showed noticeable agreement between the two sets of data even though 


16000 
4 4.790 
( 
4770 
14000 4 4760 
4750 
LL. 


13000 
4 1740 
z 
4 4730 
_ 12000 9 
{1000 
4 4700 5 
fa) 


10000 
9000 4 14670 

/ 4 1660 
8000 


4 4650 


4 4640 


70 ; 16352 


C4697 G-I048 C-I779 G-1703 C-1704 C-1690 CI692 C-I691 C4698 
LABORATORY NUMBER 
Ficure 2.—Relationship of moist mineral-matter-free B. t. u. to index of refraction 
in selected vitrains 


the indices are based upon readings to only the nearest one-fourth degree 
of 2. 

The data listed show that one-half degree of 2: corresponds to a varia- 
tion of 0.015 in the value of the index of refraction of vitrains. Con- 
sequently, 2: must be read to the nearest 2 minutes in order to assure ac- 
curacy of 0.001 in value of the index of refraction. It is apparent from 
the points already plotted that a value of 0.001 n corresponds to a change 
in B. t. u. of 50 units. Fifty units represents the general order of accuracy 
of B. t. u. in a proximate analysis. It follows that the angle 2: for satis- 
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factory practical use must be read to the nearest 2 minutes. On the curve 
(Fig. 2) the index of refraction values are indicated by points derived 
from 2i measurements to the nearest one-fourth degree. Radii of curva- 
ture about each point plotted indicate the range in value covered by the 
corresponding reading. Evidently, every index of refraction value but one 
(Specimen C-1048) falls upon the corresponding B. t. u. value. Before a 
closer agreement can be found, if closer agreement actually exists, it will 
be necessary to have more accurate measurements of the index of refrac- 
tion of the vitrains in the coals. 

Study of the variations in the index of refraction of the vitrains shows 
that there is a progressive increase in index of refraction with increase 
in the rank of the corresponding coal. 

In attempting to correlate these changes in index of refraction with the 
variations in several items of the proximate analysis, some of the difficul- 
ties of classifications based on such empirical data are strikingly brought 
out. The fuel ratio (Rogers, 1858), unit volatile (Grout, 1907), unit fixed 
carbon (Parr, 1906), unit B. t. u. (Am. Soe. Test. Mat., 1934), and moist 
mineral-matter-free B. t. u. values have been plotted for the vitrains used 
for both the chemical analysis and the refractive index determination by 
McCabe and Quirke (1937). The refractive indices of the vitrains most 
closely correlate with the moist mineral-matter-free B. t. u. values. The 
correlation indicates a rank differentiation, agreeing with the American 
Society for Testing Materials’ classification for the corresponding coals. 


CONCLUSION 


In avoiding readings of the index of refraction of vitrains by transmitted 
light, the writers have confined themselves to methods which depend upon 
a simple polished surface of vitrain, because of the practical advantage 
which such methods have over those that require transparently thin sec- 
tions. Furthermore, if an accurate method of measuring the index of 
refraction on polished surfaces of coal can be developed the same method 
may profitably be applied to other opaque and nearly opaque sub- 
stances. 

Experiments show that transparent and almost opaque, colored and 
colorless mineral materials may be examined for index of refraction by 
reflection methods with equal facility at all ranges of the index of refrac- 
tion. The vitrain bands in the same coal at the same locality have the 
same index of refraction, as far as the second decimal point, in all direc- 
tions. The rank of coal being known, by previous work, to vary some- 
what as the B. t. u. value of its included vitrain bands, these experiments 
indicate that accurate measurements of the index of refraction of the vit- 
rain bands will make it possible to state the rank of the coal, and the 
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approximate, moist mineral-matter-free B. t. u. value of the vitrains. 
More definite correlations between the rank of coal, B. t. u. value of coal 
and of included vitrain, and the index of refraction of the vitrain must 
await the more precise measurements of the index of refraction of vit- 
rains, which the writers plan to undertake. 
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INTRODUCTION 


Only recently have paleontologists in North America begun to appre- 
ciate either the length of time represented by the Eocene epoch, or the 
fact that faunal and stratigraphic sequences are less simple than early 
workers had believed. During the last decade, several distinctive Eocene 
faunal zones have been discovered on the West Coast, and several new 
facies of faunas already known have been found. The more important 
of these discoveries were summarized in a recent paper by Clark and 
Vokes (1936). 

The present paper describes a fauna from the Markley formation 
(Upper Eocene), recently discovered a few miles north of Vacaville, Cal- 
ifornia, in the hills bordering the west side of the Sacramento Valley. 
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This fauna is apparently equivalent to one found in the lower portion of 
the type section of the Tejon formation, which, in turn, is considered the 
equivalent of the Cowlitz formation of southwestern Washington. Theo- 
dore Crook and J. M. Kirby, geologists for the Standard Oil Company 
of California, made the discovery. The writer is indebted to Crook and 
Kirby for their assistance in the field, as well as for the collections pre- 
sented to the Museum of Paleontology of the University of California. 

Funds necessary for the paleontological work of this paper were fur- 
nished by the Museum of Paleontology, University of Chicago. Acknowl- 
edgment is made of the assistance received from the Federal Works Prog- 
ress Administration in the preparation of the manuscript. 


HISTORICAL REVIEW 


The Markley formation was first named and described by the writer 
(Clark, 1918). The type section is in the Mount Diablo quadrangle, 
north of Mount Diablo, about 25 miles east of San Francisco, and about 
40 miles south of the Vacaville locality. Its maximum thickness, of 
about 3,300 feet, is made up of a heterogeneous assemblage of beds, the 
lower 2,000 feet of which consist predominately of sandstone, the remain- 
ing portion, of alternating layers of clay shale, sandy shale, and sand- 
stone. The sandstones are mainly light-gray and arkosic. They are 
unique for this part of the state, in that, together with fresh felspars, 
they carry abundant, large flakes of unweathered muscovite. One of the 
shales about 3,000 feet from the base is light colored and contains abun- 
dant microscopic fossils, such as foraminifera and radiolaria. 

East of the Mount Diablo quadrangle, in the Byron quadrangle, the 
upper portion of the Markley formation has been cut out, due to the 
unconformable relationship with the overlying Upper Miocene deposits. 
In this area there is an organic shale between the Domengine (Middle 
Eocene) sandstone and the basal sandstones of the Markley formation. 
This shale appears to have been deposited in comparatively deep water 
and contains only microscopic planktonic fossils. Radiolarians are so 
abundant that these beds may be referred to as a “Radiolarian earth”. 

The writer (Clark, 1918) listed several molluscan species from the 
shale in the upper portion of the type section of the Markley formation, 
and referred them to forms found either in the overlying Kirker forma- 
tion or in the San Ramon formation of the Concord quadrangle, west of 
Mount Diablo. On the basis of this meager fauna, the formation was 
considered to be of Oligocene age. Nearly all these specimens were 
poorly preserved, and it is probable that most of the determinations, as 
well as the original correlations, are incorrect. 
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In 1930, Thomas Bailey (1930) discovered some marine fossils in the 
Potrero Hills, only a few miles north of the type section, in beds refer- 
able to the Markley formation. Several distinctive Tejon species were 
determined by the writer and listed by Bailey from the Potrero Hills 
locality; the most important of these were Pseudoperissolar blakei 
(Conrad), Turritella uvasana Conrad, Turricula coheni (Dickerson), all 
three distinctive of the type Tejon. In this collection, Turritella wvasana 
is referable to the typical subspecies of that species, characteristic of 
the lower portion of the type section of the Tejon. 

In 1931, three papers referred to the so-called Kreyenhagen shales of 
the San Joaquin Valley area, which are, in part, equivalent to the Mark- 
ley formation. The first paper by O. P. Jenkins (1931) discusses the 
stratigraphy of these shales. His conclusion as to the relationship of 
the Kreyenhagen shales to the Markley formation is as follows: 


“We may therefore tentatively place the Markley formation as equivalent to the 
Kreyenhagen and the Kirker to the Leda Zone” (Oligocene). 


He pointed out that, as recognized in the area north of Coalinga, these 
shales were divisible by an unconformity, above which are the “Leda 
shales,” which contain a small Oligocene molluscan fauna. These shales, 
named the Tumey formation by E. R. Atwill (1935), overlie the organic 
shales which Jenkins and Atwill referred to as the Kreyenhagen proper. 
Jenkins (1931, p. 147) states: 


“None of the evidence seems to indicate an age younger than Eocene for the 
Kreyenhagen shale proper. The fossil micro-organisms of the formation are not all 
diagnostic, but a few of them indicate Eocene age.’ 


Jenkins’ paper was accompanied by two other articles on the micro- 
fossils of the Kreyenhagen. The first of these, by G. D. Hanna (1931, 
p. 189), discusses the probable age of the Kreyenhagen shales on the 
basis of the diatoms. As to the probable age of the Kreyenhagen shales 
proper, he says: 

“In conclusion, regarding the age of the Kreyenhagen, it seems necessary to leave 
the matter somewhat doubtful until more study has been given to deposits elsewhere 
which have similar lithology and paleontology. The bulk of the evidence thus far 


assembled favors the Eocene, but there is a possibility that it extends upwards into 
later periods.” 


Most of the diatoms and some of the silicoflagellates figured in the 
paper come from the organic shale member near the top of the type sec- 
tion of the Markley formation. The second paper on micro-fossils, by 
C. C. Church (1931), discusses the foraminifera which come from the 
organic shale near the top of the type section of the Markley formation. 
Church states that the distinctive species of this fauna are found at 
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several localities farther south in the Kreyenhagen shales proper, which 
he correlates with the shale in the upper Markley. He concludes that 
this fauna is of Upper Eocene age. 


DISTRIBUTION OF MARKLEY FORMATION NORTH OF SUISUN BAY 


The first exposure of the Markley formation north of the type section 
is in the Potrero Hills on the north side of Suisun Bay, the easternmost 
arm of San Francisco Bay. The deposits are exposed on the sides of a 
large anticline locally known as the Potrero anticline. The oldest depos- 
its in the center of the anticline are of Martinez (Paleocene) age, above 
which are beds equivalent to the Meganos and Domengine formations, 
Lower and Middle Eocene. Overlying the Domengine is the Markley 
formation, referred to by Bailey as the Tejon, which here is about 1300 
feet thick. 

The following brief lithological description of the Markley formation 
of the Potrero Hills by Bailey (1930, p. 327), applies fairly well to the 
Markley of the type section, as well as to that in the vicinity of Vaca- 
ville. 


“1. Grayish-brown, rather massive-bedded, generally medium grained but very 
poorly sorted, richly micaceous, arkosic, sandstone with considerable silty matrix. 
Contains many large flakes of muscovite and much black biotite in smaller flakes, 
Green hornblende is abundant and magnetite and chlorite are not rare. The weather- 
ing of the ferro-magnesian minerals gives the rock a light and dark speckled appear- 
ance. It shows partings and a few thin beds and lenses of greenish-gray silty clay 
shale which contain a few rusty leaf impressions. Some pebbly beds occur in upper 

100 feet. Scattered 2—3 feet brown calcareous sandstone concretions, some of which 
carry marine fossils, are found about 100 feet below the top of the Tejon. s 

According to Bailey (1930, p. 329), “on the southern margin of the 
Potrero Hills are deposits of whitish to greenish-gray, or even reddish, 
pumice-pebble tuff of probable mud-flow origin. These pyroclastics are 
interbedded with several 1- to 6-foot beds of coarse to medium, greenish, 
chert-pebble conglomerate and tuffaceous conglomerate.” Above this are 
a series of tuffs, conglomerates, sandstones, clays, and tuffaceous sand- 
stones, referred to the Pliocene on the basis of a flora determined by 
Ralph Chaney. 

Bailey states that some of the tuffs near the southeast end of the 
Potrero Hills are probably referable to the Kirker formation (Upper 
Oligocene), the type section of which is on the north side of Mount 
Diablo, where these deposits rest unconformably upon the type section 
of the Markley formation. However, he did not differentiate them on 
his map or section. The deposits of the Markley formation, at a point 
14% miles east of the east end of the Potrero anticline, in the western 
portion of the Montezuma Hills, strike north and south and dip easterly 
about 30 degrees. Farther north, outcrops of the Markley formation are 
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According to Bailey, the formation as found in the area immediately 
west of Vacaville is close to 2700 feet thick. Only a few miles farther 
north on Pleasant Creek, the formation is less than a thousand feet thick, 
and about 3 miles farther north, on Putah Creek, it is cut out by the 
Pliocene deposits, due to the unconformable relationships. 
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The two localities* furnishing the fossils described in this paper, are 
about 6 miles north of the town of Vacaville, on the Brink ranch. In 
the vicinity of Brink ranch, the section is well exposed along Pleasant 
Creek, which cuts the formation at right angles. Here the formation 
has a thickness of about 850 feet. The fossil beds are a little above the 
middle of the formation, about 450 feet from the base. Measured 
roughly, the basal portion of the formation consists of close to 275 feet 
of massive, light-gray arkosic sandstone with thin layers of light-gray 
shale. Large irregular brown concretions are scattered through the sand- 
stone. Only a few feet above the base of this sandstone is a thin con- 
glomerate, the boulders being of light-gray shale similar to thin bands 
of shale in the sandstone higher in the formation. This conglomerate 
is probably intra-formational. 

These basal sandstones of the Markley formation overlie a series of 
chocolate-colored shales, whose foraminiferal fauna, determined by Sher- 
idan Berthiaume, indicate a Domengine stage (Middle Eocene). No 
good contact was found between these shales and the sandstones of the 
Markley formation. In this section the Domengine shales are underlain 
by several hundred feet of dark clay-shales which belong to the Capay 
stage. These shales grade down into sandstones which rest unconform- 
ably upon beds of Upper Cretaceous age. 

Above the basal sandstones of the Markley formation are about 150 
feet of sandy micaceous slate-gray shale, which weathers to a light-gray, 
and intercalated with which are lenses of gray sandstone carrying mus- 
covite, which is characteristic of this formation. Above this member is 
massive coarse sandstone with lenses of conglomerate, which are most 
abundant about 50 feet above the base. Pebbles of tuff are common. It 
is in this zone that the fossils described in this paper were found. Large 
concretions which weather to a rusty brown are also common. The upper 
portion of the formation above the sands consists principally of coarse 
to fine gray sandstone intercalated with thin layers of soft sandy shale. 
There is apparently considerable sandy shale about 100 feet from the 
top. Exposures in this part of the section are poor. 

Overlying the Markley formation are about 50 feet of Pliocene con- 
glomerates overlain by a series of tuff beds and lavas also of Pliocene 
age. There is a marked unconformity between the Pliocene deposits and 


1 Univ. Calif. loc. A1297. From sandstone cliff on NE bank of Pleasant Creek opposite Brink ranch 
house about three-fourths of a mile E of B. M. 257, and 2 miles south of Putah Creek, Napa 
quadrangle. This is about 250 to 300 feet stratigraphically below loc. A1298. 

Univ. Calif. loc. A1298. Along Pleasant Creek between 1 and 2 miles south of junction with Putah 
Creek. This locality embraces four separate localities within a stratigraphic thickness of 300 feet. 
Fossils found in same type of matrix as those at loc. A1297. 
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the Markley formation, and only a short distance north of the Pleasant 
Creek section the Markley deposits are completely cut out by the Plio- 


cene deposits. 


STRATIGRAPHIC AND STATISTICAL SUMMARIES 


Stratigraphic Summary of Pleasant Creek Section 


Puiocene (basal conglomerates) 
UNCONFORMITY 
MaArRELEY: 


Fine to coarse micaceous sandstone, intercalated with thin shale layers.. 350 
Massive conglomeratic concretionary arkosic gray sand (fossiliferous) 100 
Sandy micaceous slate-gray to gray shales, with lenses of gray micaceous 


Massive arkosic concretionary sandstone, thin layers of conglomerates 


DoMENGINE (shale) 


Taste 1.—Statistical Summary 


Thickness 
(feet) 


Markley 


Univ. Calif. 
faunal localities 


Middle 


Cowlitz | Tejon 


A1297 | A1298 

LAMELLIBRANCHIATA 
Corbula (Caryocorbula) dickersoni Weaver and Palmer. . x x 
Glycymeris sagittata x x x 
Venericardia (Venericor) cf. clarki Weaver and Palmer. 

GasTROPODA 
Conus (Hemiconus) aegilops Anderson and Hanna....| 
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Taste 1.—Statistical Summary—Continued 


Middle 
Eocene 


Cowlitz 


Tejon 


GastTroropa—C ontinued 


Fusinus (?) markleyensis, n. 
Gyrineum kewi 
Latirus kirbyi, n. 


Polinices (Euspira) clementensis (M. Hanna)......... 
Polinices (Euspira) hotsoni Weaver and Palmer...... 
Polinices (Euspira) nuciformis (Gabb).............. 


Siphonalia (Austrofusus) bicarinata subsp. crooki, n. 


Turritella buwaldana Dickerson, n. subsp............ 
Turritella uvasana Conrad 


Markley 
Univ. of Calif. 
faunal localities 
A1297 | A1298 

x 
x x 
x x 
x x 
| 


Probable 
x 
x 
x 


Markley species represented by different subspecies or sc i related species 
in the Middle Eocene 


MarKLEY 


Perse markleyensis, n. sp. 

Pseudoliva markleyensis, n. sp. 
Pseudoperrisolax blakei (Conrad) 
Turritella buwaldana Dickerson, n. subsp. 
Turritella uvasana Conrad, s.s. 


Mippite Eocene 
Crepidula (Spirocrypta) pileum (Gabb) Crepidula inornata Dickerson 


Perse martinez (Gabb) 
Pseudoliva dilleri Dickerson 
Pseudoperrisolax blakei 

subsp. 
Turritella buwaldana Dickerson 


(Conrad), n. 


Turritella uvasana Conrad, n. subsp. ef. 


Merriam 


ANALYSIS OF STATISTICAL SUMMARY 


Analysis of the statistical summary (Table 1) shows that the fauna 
from the Markley formation has few species in common with the known 
faunas of the Middle Eocene of the West Coast. The few that are iden- 


d 
Neverita secta Gabb subsp. hemisecta, n. subsp........ x 
ae x x x 
bak’ x x 
| 
Turricula cf. uvasana (Dickerson).................. 
ee 
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tical are generalized forms that have a long geologic range, and repre- 
sent types of species that have proved to be poor horizon markers. A 
few forms in the Markley formation, that are similar to species found 
in beds of Middle Eocene age, indicate beyond little doubt that one has 
been derived from the other. However, in most cases, no gradations 
have been found between these closely related species. Only three of 
these similar forms have been referred to as subspecies of the closely 
related form. 

There are fourteen species common to the Cowlitz formation and the 
Markley, and eleven species are common to the type Tejon. 

From this data, one may safely conclude that the Cowlitz and the 
Tejon formations belong to the same general zone ? of the Eocene, which 
has been referred to as the Tejon stage. 

There is still much to be done before one can speak with certainty of 
the subzones in the Tejon stage. The work by C. W. Merriam on the 
Turritellas of the Tejon shows that there are at least two subzones in 
that formation. The lowest of these is the Turritella uvasana subspecies 
uvasana Conrad zone; above that is the 7’. uvasana subspecies sargeanti 
Anderson and Hanna zone. According to Alex Clark,’ there is a still 
higher subzone in that section, the fauna from which contains some of the 
distinctive species found in the highest Cowlitz of Washington. A large 
proportion of the species common to the Cowlitz and the Tejon are of the 
highly ornamental types which have generally proved to be good horizon 
markers, and many are also common to the Cowlitz and the type Tejon. A 
few species found in the Markley have not been found in the type Tejon, 
such as Cantharus (Eocantharus) cowlitzensis, n. sp., Perse markleyensis, 
n. sp., Pseudoliva kirbyi, n. sp., Nerita crooki, n. sp., Glycymeris eocenica 
(Weaver), Mactra (Spisula) markleyensis, n. sp. On the other hand, 
such species as Conus (Hemiconus) aegilops Anderson and Hanna, Gyri- 
neum kewi (Dickerson), Turritella buwaldana Dickerson, n. subsp., Tur- 
ritella uvasana Conrad s. s., Nekewis io (Gabb) have not been found in 
the Cowlitz formation. Probably future work will disclose a larger num- 
ber of these species common to the Tejon and the Cowlitz. 


ECOLOGICAL CONDITIONS 


The fauna of the Markley formation of the Pleasant Creek locality 
contains a brackish-water element as shown by species belonging to such 


2 For discussion of major zones in the Marine Eocene series of western North America, see B. L. 
Clark and H. E. Vokes: Summary of marine Eocene sequence of western North America, Geol. Soc. 
Am., Bull., vol. 47 (1936) p. 851-878. 

8 Personal communication. In their paper, Clark and Vokes incorrectly gave F. B. Tolman credit 
for this discovery; this error was pointed out to the writers by Mr. Tolman. 
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genera as Corbicula, Elimia, and Thiara. The coarse crossbedded con- 
glomeratic sandstones indicate shallow water, and it is probable that the 
western shore line of that inland sea was nearby. 


SYSTEMATIC DESCRIPTIONS 
Phyllum MOLLUSCA 
Class LAMELLIBRANCHIATA 
Family NUCULANIDAE 

Genus Yoldia Miller, 1842 


Type (by subsequent designation, Verrill and Bush, 1898), Yoldia hyperborea Tor- 
rell = Yoldia arctica Moller, not Gray 


Yoldia markleyensis, n. sp. 
(Plate 1, figures 21, 22) 


Malletia packardi Cuarx (in part), Univ. Calif., Publ. Geol., vol. 11, no. 2 £1918) pl. 
14, figs. 5, 6; not pl. 12, fig. 3. 


Shell smooth with beaks anterior to the median line and strongly inturned; anterior 
end regularly rounded; posterior dorsal edge straight or nearly so; escutcheon elon- 
gate-lanceolate in outline, smooth and somewhat depressed below the main surface 
of the shell; a somewhat smooth obscure lanceolate lunule; chondrophore fairly large 
for this genus; taxodont teeth fairly high and peg-like, about twenty on each of the 
dorsal margins. Dimensions: holotype‘ 30833, length 22.5 mm., height 12.6 mm., 
width of both valves 7.5 mm.; paratype, right valve, 30834, length 17.4 mm., height 
10.3 mm. 

There are several species of Yoldia described from the marine Eocene of the West 
Coast. The only one of these which Y. markleyensis, n. sp., closely resembles is Y. 
dupret Weaver and Palmer (1922, p. 7, pl. 10, figs. 2, 7), the latter differing in that it is 
thicker than Y. markleyensis, and, according to the description of Weaver and Palmer, 
the posterior end joins the posterior dorsal edge in a point—apparently meaning an 
angle—whereas on Y. markleyensis, n. sp., the two edges merge gradually into one 
another. The two species are similar in outline, and future work may show that Y. 
markleyensis, n. sp., should be considered a subspecies of Y. duprei. 

Yoldia markleyensis, n. sp., occurs in the upper portion of the type section of the 
Markley formation. It was incorrectly figured by the writer as Malletia packardi. 
Two of the three specimens figured came from the “Kreyenhagen” shale member of 
the Markley formation in the section north of Mount Diablo, and the type came 
from the Kirker formation (Oligocene) of the same section. A comparison of the - 
specimens of Yoldia markleyensis, n. sp., from the type locality with the two speci- 
mens from the “Kreyenhagen” shale shows that they belong to the same species; 
whereas the type of Y. packardi (Clark) is very different in outline and undoubtedly 
is specifically separable from the other specimens. 


4 All specimen and locality numbers refer to collections in the Museum of Paleontology, University 
of California, unless otherwise indicated. ; 
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SYSTEMATIC DESCRIPTIONS 


Family ARCIDAE 


Genus Glycymeris da Costa, 1778 


Type (by subsequent designation, Dall, 1898), Glycymeris orbicularis da Costa (= 
Arca glycymeris Linné). Recent, seas of Europe 


Glycymeris eocenica (Weaver) 
(Plate 1, figures 1, 6, 10, 13, 18) 


Pectunculus eocenica Weaver, Wash. Geol. Surv., Bull. no. 15 (1912) p. 28, pl. 5, figs. 


52, 53. 
Pectunculus eocenica var. landest Weaver, Wash. Geol. Surv., Bull. no. 15 (1912) p. 


28-29, pl. 5, fig. 54. 
ies dezonensis Weaver, Wash. Geol. Surv., Bull. no. 15 (1912) p. 29, pl. 15, 


Glycymeris eocenica (Weaver) was described from the Cowlitz formation of Wash- 
ington. Glycymeris eocenica var. landesi and Glycymeris tejonensis were described 
in the same paper, the variety and the two species coming from the same locality. 
Abundant material from locality 6179 (Cowlitz formation of Coal Creek), Weaver’s 
type locality, shows that the two species and the variety grade into one another. 

G. eocenica is the most common of all the species in the Markley, at locality A1297. 
The range of variation from this locality is fully as great as that found in the mate- 
rial from the Cowlitz formation and includes a large proportion of the same variants. 


Glycymeris sagittata (Gabb) 
Azinea ( gr nga sagittata Gass, Calif. Geol. Surv., vol. 1 (1864) p. 197, pl. 31, figs. 


, 267a. 
Glycymeris sagittatus (Gabb) Dickerson, Univ. Calif., Publ. Geol., vol. 9, no. 17 
(1916) pl. 36, figs. 5a, 5b. 
Glycymeris hannibali Dickerson, Univ. Calif., Publ. Geol., vol. 9, no. 17 (1916) p. 


483, pl. 36, figs. 8a, 8b. 
Glycymeris (Gabb) and Hanna, Calif. Acad. Sci., Oce. Papers, 


vol. 11 (1925) p. 181, pl. 1, fig. 
Glycymeris sagittata (Gabb) cae Philadelphia Acad. Nat. Sci., Spec. Publ., 


no. 3 (1930) p. 71-72, pl. 12, fig. 10. 

This species is common in the type Tejon. It also occurs in the Cowlitz formation 
of Washington, and is found throughout the Middle Eocene deposits, from southern 
California to Oregon. Dickerson’s species, G. hannibali, represents a variant which is 
not common in the type Tejon, but there are all gradations between it and the typi- 
cal form of the species in the Middle Eocene. The typical form is rather common 
at locality A1297. More and better material will very possibly show that the speci- 
mens from the Middle Eocene should be referred to as a subspecies; if so, the name 


hannibali may be used. 
Family OSTREIDAE 
Genus Ostrea Linné, 1758 


Type (by subsequent designation, Children, 1823), Ostrea edulis Linné. Recent, seas 
of Europe 
Ostrea, n. sp. (?) 
(Plate 1, figures 16, 20, 23) 
Several specimens of a species of Ostrea were found at locality A1297 (only two 
of them at all well preserved) which do not agree with any of the described West 
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Coast Eocene species. However, there is not enough material to warrant giving them 
a specific name. The left valve is strongly convex with a terminal beak, the shell 
being nearly equilateral; the wedge-shaped ligamental groove is fairly large. The 
beak is not twisted as is that of Ostrea idriaensis Gabb (1869, p. 203, pl. 33, 
fig. 103, b, c, d; pl. 34, fig. 103, 103a), one of the most common and widespread 
species in the Eocene of the West Coast. The surface of the shell is covered by heavy 
concentric lines of growth. On the top of the shell are several faint radials. The 
right valve is flat and smooth. There are no denticulations on the dorsal margins as 
are found on most of the Eocene species of Ostrea. Dimensions: hypotype 30832, 
a left valve, greatest length, 60.6 mm., greatest width, 37 mm.; hypotype 30835, 
greatest length, 34 mm., greatest width, 26 mm. 


Family CRASSATELLITIDAE 


Genus Crassatellites Kriiger, 1823 


Type (by monotypy), Crassatellites sinuatus Kriiger (= Crassatella gibbosula 
Lamarck). Eocene, Paris Basin 


Subgenus Eucrassatella Iredale, 1924 


Type (by original designation), Crassatella kingicola Lamarck. Recent, South Aus- 
tralia 


Crassatellites (Eucrassatella) weaveri, n. sp. 
(Plate 1, figures 2, 5, 7, 9, 11, 25) 


Shell heavy, beaks prosogyrous, moderately prominent and anterior to the medium 
line; anterior and posterior ends rounded, the former being the broader; dorsal slopes 
nearly straight; lunule and escutcheon about at right angles to the main surface of 
the shell, not well defined on the holotype, which is an immature specimen, but fairly 
well defined but only slightly depressed on the larger specimens. Outer surface 
smooth except for heavy incremental lines, which, on the larger specimens, weather 
out in fairly prominent, concentric ridges separated by wider interspaces. The 
posterior of the two cardinals is well developed on the right valve only; it is fairly 
heavy and extends from the beak to the ventral edge of the hinge plate; an obscure 
anterior cardinal may be seen next to the dorsal margin on some of the specimens; 
however, on most of them this tooth is obsolete; the anterior or dorsal margin below 
the obsolete anterior cardinal is grooved for a short distance, into which groove the 
corresponding edge of the opposite valve fits. Left valve with two well-defined 
cardinals which join together a little below the beaks; the anterior cardinal is some- 
what the heavier with its dorsal end overlapped by the lunular margin; there is a 
well-defined groove on the posterior dorsal edge into which fits the corresponding 
edge of the opposite valve. In both valves a broad triangular area is present on the 
hinge plate posterior to the cardinals; on this is a spoon-shaped resilifer, the lower 
edge of which is a little above the ventral edge of the hinge plate; the anterior edge 
of the resilifer and its anterior portion of the ventral edge are formed by a distinct 
lamellar-like plate which separates them from the cardinal. Dimensions: paratype 
30830 (an immature specimen), length 13.7 mm., height 12.5 mm.; holotype 30831 
(an immature specimen), length 17.6 mm., height 14.5 mm.; paratype 30829 (posterior 
end broken), height 28.7 mm.; paratype 30828 (posterior end broken); paratype 
30847, length 23.5 mm., height 18.8 mm. Named in honor of C. E. Weaver. 
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The genotype of Eucrassatella is a recent species living on the Australian Coast. 
The hinge plate of this species is very similar to that of C. weavert, n. sp., except that 
in the latter, there are no striations on the sides of the cardinals, and on the former 
the anterior cardinal is better developed. 

The writer prefers to consider Zucrassatella as a subgenus rather than a genus, be- 
cause there are too many characters that tie in with the typical Crassatellites. Ap- 
parently the most important distinctive characters of Eucrassatella are the lack of 
crenulations on the ventral edge and the large resilium. These two characters are 
found on C. weaveri, n. sp.; however, on C. uvasana, a species characteristic of the 
Tejon, the internal radial sculpturing which produces the crenulation is almost obso- 
lete, and the resilium is that of a typical .Crassatellites. In other respects, the hinge 
is similar to that of C. weaveri, n. sp. 

There are at least two other Eocene West Coast species that should be referred 
to the subgenus Eucrassatella. These are C. cowlitzensis (Weaver) (1912, p. 31, pl. 4, 
fig. 40) and C. stillwaterensis (Weaver and Palmer) (1922, p. 18, pl. 9, figs. 1, 2). 
Both species are found in the Cowlitz formation of Washington: They are very dif- 
ferent in outline from C. weaveri, n. sp. 


Family CARDITIDAE 


Genus Venericardia Lamarck, 1801 


Type (by subsequent designation, Gray, 1847), Venericardia imbricata Lamarck = 
Venus imbricata Gmelin. Eocene, Paris Basin 


Subgenus Venericor Stewart, 1930 


Type (by original designation), Venericardia planicosta Lamarck. Eocene, Paris 
Basin 


Venericardia (Venericor) cf. clarki Weaver and Palmer 
(Plate 2, figures 9, 10, 11, 12, 15, 16) 


Venericardia clarki Weaver and Pater, Univ. Wash., Publ. Geol., vol. 1, no. 3 (1922) 
19, pl 9, figs. 4, 5; pl. 10, fig. 8. 


p. 
Venericardia clarki Weaver and Palmer, Hanna, Univ. Calif., Publ. Geol., vol. 15, 


no. 8 (1925) p. 287. 

Several immature specimens of a species of Venericardia were found in the collec- 
tions from locality A1297. These are subcircular in outline, with broad rounded 
anterior and posterior ends. The beaks are prominent and prosogyrous; the lunule 
is small and fairly strongly depressed; the surface is sculptured by 20 to 26 V-shaped 
ribs which on the smaller specimens are finely noded on the anterior five or six ribs 
and on all the ribs in the vicinity of the beaks. On the right valve, there is one 
elongate, heavy cardinal lying nearly parallel with the long, narrow nymph plate 
which is separated from it by a broad, elongate groove. The side of the cardinal 
next to this groove is fully striated. Next to the lunule is a fairly broad surface on 
the hinge plate on which there is a small almost obsolete cardinal; anterior to this 
is an almost obsolete pit for an anterior or lateral. On the left valve there are two 
well-developed cardinals. The posterior one is long and narrow, separated by a nar- 
row groove from the nymph plate; the anterior cardinal is heavy with a broad base 
and narrow top; anterior to this is an almost obsolete lateral. The writer feels fairly 
certain that these specimens represent the immature stage of one of the species of 
large Venericardia which may be referred to as the V. hornit group. The smaller 
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specimens are identical, or nearly so, with the holotype of V. clarki Weaver and 
Palmer, an immature specimen. Marcus Hanna, in his paper on the genus Veneri- 
cardia from the Eocene of the West Coast of North America (1925), pointed out that 
the common large Venericardia in the Cowlitz formation of western Washington 
represents the adult of V. clarki as described by Weaver and Palmer. No adult 
specimens, with the exception of several fragments, were found in the Markley forma- 
tion. Although the adult of V. clarki can be distinguished from the adult of V. 
hornii, the difficulty in making an exact determination of the Markley specimens is 
that the writer has had no immature specimens of V. hornit, and there is a possibility 
that they will be found to be indistinguishable from specimens of V. clarki of a like 
stage of development. Dimensions: hypotype 30843, width 15.5 mm.; hypotype 
30844, height 18.0 mm.; hypotype 30845, height 14.2 mm., width 15.5 mm.; hypotype 
30846, height 23.0 mm., width 23.7 mm. 


Family CODAKIIDAE 
Genus Lucina Bruguiére, 1797 


Type (by subsequent designation, Schumacher, 1817), Venus pensylvanica Chem- 
nitz. Recent, West Indies 


Subgenus Here Gabb, 1866 


Type (by subsequent designation, Stoliczka, 1871), Lucina (Here) richthofent Gabb, 
1866. Pliocene, southern California = Lucina (Here) excavata Carpenter, 1857. 
Recent, west coast of Mexico. 


Lucina (Here) hannai, n. sp. 
(Plate 2, figures 3, 4, 5) 


Shell suborbicular in outline, moderately inflated, with rather strongly inturned, 
acute but only moderately prominent beaks which are anterior to the medium line; 
length about equal to the height; general surface smooth except for moderately heavy 
irregular lines of growth; a broad shallow groove parallel and a little anterior to the 
posterior dorsal edge; below and anterior to the beaks is a strong, fairly deep excava- 
tion which infringes on the hinge plate, forming the lunule so characteristic of this 
subgenus. Hinge with two small cardinals on the left valve separated from the two 
small claspers of the anterior lateral by the lunular excavation already referred to; 
a small but well-developed lateral posterior to the ligamental groove of the right 
valve with corresponding clasper on the left; on the right valve, one bifid cardinal, 
the upper part of this tooth covered by a callus growth; a small anterior lateral. 
Dimensions of holotype, a left valve, 30841, length 14 mm., height 14 mm.; paratype 
30842, length 13.6 mm., height 12.8 mm. Named in honor of G. D. Hanna. 

This species belongs to the same section as the type of the subgenus Here, L. ex- 
cavata Carpenter, a recent species considered to be a synonym of Gabb’s Lucina 
(Here) richthofeni, the type of which came from the Lower Pliocene of southern 
California. L. hannai, n. sp., differs considerably in outline; it is not as high in pro- 
portion to the length and is more nearly circular; the lunular excavation on the hinge 
plate is narrower, the laterals have a different orientation on the hinge plate and the 
hinge plate itself is not as broad. 

Lucina (Here) richthofeni has been listed from deposits of Oligocene, Lower and 
Middle Miocene age. After examining this material, the writer is very doubtful as 
to the correctness of these determinations. 
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Lucina (Here) aff. taffana (Dickerson) 
(Plate 2, figures 2, 8) 


Shell with prominent, strongly inturned prosogyrous beaks, below and anterior to 
which is a broad, fairly deep groove reaching the edge of the shell at a point which 
may be taken as the junction between the anterior dorsal edge and the anterior end; 
on the anterior margin just below the beak is the deep inset lunule which charac- 
terizes this genus; general surface sculptured by a series of heavy, rounded, sub- 
angulate lamellae on which are the finer incremental lines. Hinge of right valve 
(the only specimen of this species found in the collections at hand) with heavy deeply 
bifid cardinal, the upper end covered by the extension of the inner edge of the deep 
inset lunule; an anterior fairly prominent rounded lateral well in front of the lunule. 
Dimensions: hypotype 30840 (ventral margin broken), height 9 mm. plus, length 
about 9.4 mm. 

The specimen here figured as L. aff. taffana belongs to the same group as Lucina 
(Here) taffana Dickerson (1916, p. 485, pl. 36, fig. 11), which is common in the Middle 
Eocene all along the West Coast. The former is distinguished from Dickerson’s 
species by the fact that it has a different outline; the lamellar concentric ridges are 
heavier, farther apart, and fewer in number; the concentric sculpturing on the 
umbones is coarser; and the single cardinal is more deeply bifid. The writer is of 
the opinion that this species is separable from L. taffana; however, the material at 
hand does not warrant giving it a specific name. 


Family SPHAERIIDAE 
Genus Corbicula Megerle von Miihlfeld, 1811 


Type (by subsequent designation, Gray, 1847), Corbicula fluminalis Megerle = Tel- 
lina fluminalis Miiller 


Corbicula arnoldi, n. sp. 
(Plate 1, figures 3, 15, 28) 


Shell subquadrate in outline; beaks prominent, prosogyrate, broken on most of the 
specimens at hand; posterior end broadly truncated; this edge almost at right angles 
to the posterior dorsal edge and the ventral edge; anterior end broadly rounded; 
surface smooth except for the somewhat irregular incremental lines; posterior dorsal 
margin rather broad and somewhat flattened in respect to the main surface to it, from 
which it is separated by a broad fairly distinct umbonal ridge; the flat nymph plate 
is considerably longer than wide. On the right valve there are two rather short thin 
lamellae on each of the dorsal margins into which the short laterals of the left valve 
fit. The posterior two cardinals on the right valve are bifid, the anterior cardinal 
small; on the left valve the posterior cardinal is long and slender; the middle cardinal 
is bifid, but rather narrow; the anterior cardinal is short and pyramidal in shape. 
Dimensions: holotype 30848, height 19.5 mm., length 25.0 mm., thickness about 8.0 
mm.; paratypes 30853 and 30859. Named in honor of Ralph Arnold. 

Corbicula arnoldi, n. sp., resembles somewhat in outline C. willist White (1889, p. 
59, pl. 11, figs. 3-7), which was described from the Puget Group of Washington. 
Judging from White’s figures the beaks of his species are more prominent than that 
on C. arnoldi; the cardinals and laterals radiate at a different angle, and apparently 
none of the cardinals on the right valve of C. willist is bifid. 

The short laterals and the heavy bifid cardinals of Corbicula arnoldi, n. sp., are dif- 
ferent from those of the typical Corbicula; the hinge is rather close to that of Gabb’s 
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genus Diodus (1864, p. 170, pl. 23, fig. 151; 1869, p. 242), which he proposed to take 
the place of the genus Cyprinella, the latter name being preoccupied in ichthyology; 
on the other hand, it is similar to some of the recent species generally referred to 
the genus Corbicula. There is great need for a thorough revision of the family 
Sphaeriidae. 


Corbicula oldroydi, n. sp. 
(Plate 1, figures 4, 8, 12, 19, 24) 


Shell somewhat variable in outline with beaks only a little anterior to the medium 
line; in most of the specimens the beaks have beén eroded, apparently during the 
life of the individual; posterior end broadly rounded to subtruncate; anterior end 
subacutely rounded; surface smooth except for the fairly heavy concentric lines of 
growth. Just below the beaks there is a faint suggestion of an umbonal ridge which 
separates a fairly broad posterior dorsal margin from the main surface of the shell 
in front of it, the ridge fading out a short distance below the beaks. Nymph plates 
short, fairly broad and flat. Right valve with three narrow cardinals, the anterior one 
on some specimens being almost obsolete; on each of the dorsal edges there is a 
long narrow groove, one side of which is formed by the inner margin of the shell, 
the other by a lamella-like lateral. On the left valve there are three cardinals, the 
posterior one being the most slender, also a long narrow lateral on each of the dorsal 
edges which fits into the corresponding groove of the right valve. Adductor muscle 
impressions fairly heavy. Dimensions: holotype 30851, length 199 mm., height 
17.5 mm.; paratype 30849, length 15.9 mm., height 13.1 mm.; paratype 30850, length 
19.8 mm., height 16.7 mm. Named in honor of Ida Oldroyd who has done so much 
for West Coast conchology. 

This species resembles somewhat Corbicula williamsoni Anderson and Hanna (1925, 
p. 164, pl. 1, fig. 4; pl. 3, fig. 2), from the type Tejon, from which it differs in having 
a less prominent beak, and in that the anterior dorsal slope is more abrupt. Anderson 
and Hanna’s species was founded upon one imperfect specimen. C. oldroydi, n. sp., 
is rather common at locality A1297. 


Family MYADESMIDAE 
Genus Myadesma Clark, 1922 


Type (by original designation), Myadesma dalli Clark. Oligocene, Vancouver Island, 
British Columbia 


Myadesma eocenica, 0. sp. 
(Plate 1, figures 14, 26, 27, 29) 


Shell elongate, subtrapezoidal in outline; beaks inconspicuous, near the posterior 
end which is bluntly rounded; anterior end broadly and regularly rounded; a well- 
developed ridge reaches from the beaks to the ventral side of the short, rounded 
posterior end; the surface between this ridge and the posterior edge slopes abruptly 
away from the main surface; surface smooth except for the somewhat irregular lines 
of growth. Hinge plate of left valve with a spatulate chondrophore, the upper sur- 
face of which is concave; posterior to this is a bluntly rounded, heavy, fairly long 
cardinal tooth. On the right valve the resilifer is submerged and rests on a slightly 
raised platform similar to that on the right valve of the genus Mya; here the resilifer 
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is divided into two nearly equal parts by a distinct narrow ridge; anterior to the 
resilifer is a long lamella-like lateral; between this and the dorsal edge fits the corre- 
sponding edge of the left valve. Pallial line and muscle scars obscure on the speci- 
mens at hand. Dimensions: holotype 30836, left valve (anterior end broken), length 
19+ mm., height 9.5 mm.; paratype 30838 (posterior end broken), height 11.7 mm.; 
paratype 30837 (an internal mold), length about 25.7 mm., height 13 mm. 

The type species of the genus Myadesma, Myadesma dalli Clark, came from the 
Sooke formation (Upper Oligocene) of the southern part of Vancouver Island, British 
Columbia. In the description of the genus, it was pointed out that Myadesma shows 
a close relationship to two other genera which are usually considered as belonging 
to different orders; these are the genera Mya and Periploma. Three species were 
recognized at that time: M. pacifica (Hall and Ambrose) was described as coming 
from the Temblor deposits (Middle Miocene), M. dalli Clark from the Upper Oligo- 
cene, and M. howei Clark from the Eugene formation (Lower Oligocene). 

Myadesma eccenica, n. sp., is the first species of this genus to be reported from 
the Eocene. It is distinct in outline from the other three species. It may be im- 
portant to note that the upper surface of the chondrophore of Myadesma dalli is 
convex upward, but on M. eocenica it is concave upward. 


Family MACTRIDAE 
Genus Mactra Linnaeus, 1767 


Type (by subsequent designation, Gray, 1847), Mactra stultorum (Linnaeus). Re- 
cent, seas of Europe 


Subgenus Spisula Gray, 1837 


Type (by subsequent designation, Gray, 1847), Cardium solidum Linné. Recent, 
England 


Mactra (Spisula) markleyensis, n. sp. 
(Plate 2, figures 1, 6, 7) 


Shell nearly equilateral; beaks central, inconspicuous; anterior and posterior ends 
subangulate with nearly flat depressed dorsal margins separated from the main sur- 
face of the shell by umbonal ridges which are well developed from the beaks to the 
ventral edge. Surface smooth except for incremental lines which are much more 
conspicuous on the depressed dorsal margins. Hinge plate of the left valve with a 
fairly long, bluntly rounded anterior lateral; posterior lateral broken. The resilifer 
is well defined, separated from the fairly broad ligamental area by a low but distinct 
ridge; cardinal deltoid-shaped, of moderate size, above which, and hanging out over 
the resilifer pit, is a distinct spur. Dimensions: holotype 30852, length, 16.5 mm., 
width 13.2 mm.; paratypes 30858 and 30854. 

Several specimens of this species were found in the collections from locality A1297. 
The species is similar in outline to Spisula bisculpturata Anderson and Hanna (1925, 
p. 149, pl. 3, fig. 7), which was described from the type Tejon. The following are 
some of the important differences between the two species: the beaks of the new 
species are more prominent than on the other and the valves are not as thick; in 
outline, the new species is more nearly bilaterally symmetrical and the anterior and 
posterior umbonal ridges are sharper with flatter depressed dorsal margins. 
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Family CORBULIDAE 
Genus Corbula Bruguiére, 1797 


Type (by subsequent designation, Children, 1823), Corbula nucleus Lamarck [= Cor- 
bula gibba (Olivi)]. Recent, Mediterranean 


Subgenus Caryocorbula Gardner, 1926 _ 
Type (by original designation), Corbula alabamiensis I. Lea. Eocene, Alabama 


Corbula (Caryocorbula) dickersoni Weaver and Palmer 
(Plate 1, figure 17) 


Corbula dickersoni Weaver and PauMer, Univ. Wash., Publ. Geol., vol. 1, no. 3 (1922) 
p. 24, pl. 9, figs. 9, 10. 


Three specimens of a Corbula in the collection from locality A1297 come within the 
range of variation of Weaver and Palmer’s species, Corbula dickersoni, which, in turn, 
is similar to Corbula hornit Gabb, described from the type Tejon. The holotype of 
C. hornii, refigured by Stewart (1930, p. 287, pl. 12, figs. 4, 5), is longer in proportion 
to the height and the beaks are more posterior than on C. dickersoni. Certain speci- 
mens in the University of California collections from the type Tejon which have 
been determined as C. horniit have the same proportions as C.. dickersoni; however, 
not enough material is at hand from the Tejon to show that these forms grade. It 
is possible that C. dickersoni will prove to be a subspecies of C’. hornit. Dimensions: 
hypotype 30839, length 17.0 mm., height about 10.4 mm. 


Class GASTROPODA 
Family NERITIDAE 
Genus Nerita Linné, 1758 


Type (by subsequent designation, Montfort, 1910), Nerita peloronta Linné. Recent, 
West Indies 


Nerita crookt, n. sp. 
(Plate 4, figures 1, 2) 


Shell fairly heavy, spire low (apex broken) ; surface sculptured by a series of heavy 
beaded spiral ribs, with interspaces narrower than the width of the ribs; 23 ribs on 
the body whorl, two of which, near the middle of the whorl, are somewhat broader 
than the others, and are bifurcated in the vicinity of the aperture; outline of aperture 
almost a semi-circle, a thin wash of callus on the broad flat surface of the inner lip; 
on the outer margin of this surface is a series of narrow, closely crowded plications, 
the ends of which form denticulations on the edge of the lip; anteriorly, these plica- 
tions become obsolete. Dimensions: holotype 30893, height about 20.0 mm., greatest 
width of body whorl 21.0 mm. Named in honor of Theodore Crook, who collected 
the specimen. 

This description is based upon the solitary specimen in the collections from the 
Markley formation. The species is unique for the Eocene of the west coast of North 
America. 
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Nerita n. sp. 
(Plate 4, figure 6) 


A rather imperfect specimen of a Nerita was found at locality A1l297. It resembles 
Nerita triangulata Gabb (1869, p. 170, pl. 28, figs. 52, 52a), the type of which came 
from the Middle Eocene near New Idria, west of the San Joaquin Valley and about 
25 miles northwest of the town of Coalinga. The three angles which are so well 
developed on the latter species are only faintly discernible on this specimen, and 
the spiral sculpturing is finer. The material is not well enough preserved to war- 
rant giving it a specific name. There can be very little doubt, however, that the 
specimen represents an undescribed species. Dimensions: hypotype 30490, height 
about 12.0 mm. 


Family CREPIDULIDAE 
Genus Crepidula Lamarck, 1799 


Type (by monotypy), Patella fornicata Linné. Recent, Atlantic and Gulf Coasts 
of North America 


Subgenus Spirocrypta Gabb, 1864 
Type (by monotypy), Crypta (Spirocrypta) pileum Gabb. Eocene, California 


Crypta (Spirocrypta) pileum Gass, Pal. Calif., vol. 1 (1864) p. 136. 


The subgenus Spirocrypta was based upon the deep groove which is next to the 
outer wall of the shell on the septum, the groove extending well up into the low, 
twisted beak; in other respects, the character of the subgenus corresponds to that of 
the typical Crepidula. Most of the later workers have ignored this subgenus. It is 
probably characteristic of the Lower Tertiary. Two species showing the distinctive 
character of the subgenus are known from the Eocene of California: (1) Crepidula 
pileum (Gabb) which comes from the type section of the Tejon Upper Eocene and 
(2) Crepidula inornata Dickerson from the Domengine sands, Middle Eocene. 


Crepidula (Spirocrypta) pileum (Gabb) 
(Plate 4, figure 19) 


rl (Spirocrypta) pileum Gass, Pal. Calif., vol. 1 (1864) p. 137, pl. 29, figs. 233 a, b. 
Crepidula (Spirocrypta) pileum Gabb, TRYON, Struct. and Syst. Gonch., vel. 2 (1883) 


p. 213, pl. 64, fig. 78. 
pileus Gabb, Fiscuer, Man. Conch. (1887) p. 
Crepidula dickersoni Weaver and PALMER, ar Wash., Pal. Geol., vol. 1, no. 3 


(1922) p. 31, pl. 11, fig. 2; pl. 12, fig. 9 
Crepidula pileum (Gabb), Anpensox and Hanna, Calif. Acad. Sci., Occ. Papers, vol. 


11 (1925) p. 122, pl. 13, fig. 
Crepidula pileum (Gab b), Sreware, Philadelphia Acad. Nat. Sci., Pr., vol. 78 (1927) 


p. 341-342, pl. 29, figs. 2 

This species was described sok the type section of the Tejon. Stewart listed 
Crepidula inornata Dickerson in synonymy with C. pileum, but the two forms are 
distinct and should not be confused. The former may be distinguished from C. 
pileum by the fact that the narrow apical end stands up above the shell, whereas 
on Gabb’s species it uncoils against it, and also by the fact that on the former the 
groove distinctive of the subgenus is deeper. Crepidula inornata appears to be dis- 
tinctive of the Middle Eocene, and C. pileum has, so far, been found only in the 
Upper Eocene. Several specimens referable to C. pileum are found at locality A1297. 
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Family NATICIDAE 
Genus Neverita Risso, 1826 
Type (by monotypy), Neverita josephina Risso. Recent, Mediterranean Sea 


Neverita secta Gabb subsp. hemisecta, n. subsp. 
(Plate 4, figures 29, 30, 32, 33; plate 3, figures 26, 27) 


Shell with body whorl broader than high; sutures strongly appressed, spire low, 
only two to two and a half whorls exposed; aperture subovate in outline; umbilicus 
broad and partially or entirely covered by a broad, flat, heavy callus on which, in 
some of the specimens, there is a distinct groove similar to that seen on the callus 
of the typical N. secta Gabb (1864, p. 108-109, pl. 29, figs. 220, 220a; Stewart, 1927, 
p. 325-326, pl. 30, fig. 17); on others, however, this groove is missing. On some of 
the specimens, only a part of the umbilicus is covered by the callus; on others, it 
is entirely covered. As will be seen from the figures, there is considerable difference 
in the shape of the callus. Dimensions: holotype 12482, height 16.0 mm., greatest 
width of body whorl about 18.0 mm.; paratype 12481, height 143 mm., greatest 
width of body whorl 15.4 mm.; paratype 30488, height 15.0 mm., greatest width of 
body whorl 15.6 mm. 

The specimens from the Markley formation are so similar in their characters to 
N. secta Gabb, that larger collections will probably show a gradation between the 
two; for that reason, they are here described as a subspecies of N. secta. There are 
many specimens of N. secta in the University of California collection from the 
type Tejon. The typical variants here referred to as subspecies hemisecta have not 
been found in these collections; on the other hand, a few of the Markley specimens 
are fairly close to the typical Tejon variants. 

Typical variants of Neverita secta subsp. hemisecta, n. subsp., differ from those 
of the typical secta as follows: (1) the shell is broader in proportion to the height; 
(2) the apex of the shell is less acute and the top of the spire is broader; (3) on 
the typical secta, the callus does not fill the umbilicus and on all the specimens that 
have been examined there is a well-defined groove across the callus. On N. secta 
subsp. hemisecta, n. subsp., some of the specimens lack this groove; on others, the 
callus entirely covers the umbilicus. 

The type of Neverita secta comes from the Tejon formation at the south end of 
the San Joaquin Valley, where it is fairly common. The species is also found in the 
Cowlitz formation of Washington, where it is associated with N. weaveri Dickerson. 
However, the writer has found no material showing a gradation between the two 
species. N. weaveri Dickerson (1915, p. 57, pl. 4, figs. 10a, 10b) differs from the 
typical N. secta in having a broad callus which entirely fills the umbilicus and 
there is no groove across the callus. The outline of some of the specimens of 
N. weaver is very nearly that of certain variants of N. secta subsp. hemisecta. The 
fact that N. weaveri occurs in the same beds with N. secta in the Cowlitz forma- 
tion, and that some of the specimens showing the same type of callus as seen on 
N. secta have the outline of the shell of N. weaveri, make it possible that the latter 
forms -grade into N. secta. In this case, N. weaveri should be considered a subspecies 
of N. secta. Although some of the variants here referred to the subspecies hemisecta 
are very similar to those of the subspecies weaveri, most of the variants from the 
Markley have not been found in the Cowlitz of Washington. Both these groups of 
variants probably will later be found to grade into typical forms of N. secta. 
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Some of the variants of N. secta Gabb are very similar to Neverita recluztana 
(Deshayes), a recent West Coast species, of which there are several subspecies, rang- 
ing from the Miocene to the Pliocene. It seems likely that the Neverita secta group 
is ancestral to the NV, recluziana group. Stewart suggests that N. secta should be con- 
sidered a subspecies of N. recluziana. Although the two species are close, the writer 
has not seen any actual gradation between them. These groups of species offer an 
interesting problem to be worked out in the future. 


Genus Polinices Montfort, 1810 


Type (by original designation), Polinices albus Montfort (= Natica mammilaris 
Lamarck = Natica brunnea Link). Recent, West Indies 


Subgenus Euspira (Agassiz) Sowerby, 1838 


Type (by subsequent designation, Dall, 1909), Natica glaucinoides Sowerby. Eocene, 
England 


Polinices (Euspira) clementensis (M. Hanna) 
(Plate 4, figures 15, 22) 


Natica clementensis Marcus Hanna, Univ. Calif., Publ. Geol., vol. 16, no. 8 (1927) 
p. 304, pl. 47, figs. 1, 3, 4, 6 

The type, Natica clementensis M. Hanna, comes from the Rose Canyon shales of 
La Jolla formation on Rose Creek. The species is characterized by its rather high 
spire, deeply depressed sutures, next to which the whorls are strongly rounded, and 
the broad, open umbilicus. There is a small, thin, rounded callus in front of the 
umbilicus. Another distinctive character is that the margin of the inner lip below 
the umbilicus is slightly reflexed. 

Hanna’s is the only previously known record of this species. It has been found, 
however, in the University of California collections from beds of Martinez and 
Meganos age, and occurs in the Markley formation at locality A1297; thus the known 
range is from Paleocene into Upper Eocene. Dimensions: hypotype 12479, height 
12.3 mm.; greatest width of body whorl, 9.7 mm. 


Polinices (Euspira) hotsoni Weaver and Palmer 
(Plate 4, figures 36, 41) 


Polinices hotsoni Weaver and Paumer, Univ. Wash., Publ. Geol., vol. 1, no. 3 (1922) 
p. 32, pl. 10, figs. 14, 15. 

The type of Polinices hotsoni was described from the Cowlitz formation at Scatta- 
grece Falls, Cowlitz County. The species is common in the Cowlitz deposits at the 
type locality. The specimens from the Markley here referred to this species are 
abundant. Polinices hotsoni differs from any of the known Eocene Polinices of the 
West Coast in the character of the callus which is similar to that of the recent West 
Coast species Polinices lewisii (Gould), to which it is possible that the Eocene species 
is ancestral. Dimensions: hypotype 30489, height 15.1 mm., greatest width of body 
whorl, 13 mm. 

Polinices (Euspira) nuciformis (Gabb) 
(Plate 4, figures 26, 31) 


Lunatia nuciformis Gass, Pal. Calif., vol. 1 (1864) p. 107, pl. 28, fig. 
Lunatia cf. nuciformis Gabb, DIcKERSoN, Univ. Calif., Publ. Geol., a A no. 6 (1914) 


pl. 13, figs. 6a, 6b. 
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?Lunatia nuciformis Gabb, Dickerson, Univ. Calif., Publ. Geol., vol. 9, no. 17 (1916) 


pl. 39, fig. 4. , 
Natica nuciformis (Gabb), Apemeernr and Hanna, Calif. Acad. Sci., Occ. Papers, vol. 


11 (1925) p. 116, pl. 10, fig. 8. 

Polinices (Euspira) nuciformis ‘Gabb, Ciark and Wooprorp, Univ. Calif., Publ. Geol., 
vol. 17, no. 2 (1927) p. 121, pl. 21, figs. 16, 17. 

Euspira nuciformis (Gabb), Srewant, Philadelphia Acad. Nat. Sci., Pr., vol. 78 (1927) 


p. 323-324, pl. 30, fig. 1 

Polinices (Euspira) nuciformis (Gabb) ranges from beds of Paleocene into deposits 
of Upper Eocene age. It is probable that when better and more abundant material 
is obtained from these various zones, several subspecies will be recognizable. The 
type of the species comes from the Tejon of the type section. The form described 
as Lunatia cowlitzensis Dickerson, from the Cowlitz formation of Washington, as 
was pointed out by Stewart, is distinguishable from the typical P. nuciformis by the 
more appressed suture. In general, it has a heavier callus and the aperture is some- 
what broader than high. Possibly it should be referred to as a subspecies of P. 
nuciformis rather than as a distinct species. 

Several specimens of this species were found in the collections from localities 
A1297 and A1298. These agree very closely in character with the typical form of the 
species from the type Tejon. Dimensions: hypotype 12480, height 19.5 mm., greatest 
width of body whorl! 19.3 mm. 


Genus Sinum (Bolten) Réeding, 1798 
Type (by subsequent designation, Dall, 1909), Helix haliotoidea Linné. Recent. 


Sinum obliquum (Gabb) 
(Plate 3, figures 32, 37) 


Naticina obliqua Gasp, Pal. Calif., vol. 1 (1864) p. 109, pl. 21, fig. 112. 
Naticina here hee —— Calif. Acad. Sci., Pr., 4th ser., vol. 5, no. 3 (1915) 
p gs. 5a. 
Sinum orcidentis FAVER and Pater, Univ. Wash., Publ. Geol., vol. 1, no. 3 (1922) 
p. 32, pl. 11, figs. 8, 26. 
Sinum ANpERSON and Hanna, Calif. Acad. Occ. Papers, vol. 11 (1925) 
P; 120, pl. 9, fig. 10; pl. 10, fig. 15; pl. 15, fig. 
Sinum obliquum (Gabb), Srewarr, Philadelphia boat g Nat. Sci., Pr., vol. 78 (1927) 


p. 327, pl. 30, figs. 7, 7a. 

Several specimens of Sinum obliquum (Gabb) were found in the collection from 
locality A1297. The species is rather variable in outline and is common at numerous 
localities in the Middle and Upper Eocene deposits, from southern California to the 
state of Washington. Dimensions: hypotype 12478, greatest height of aperture 11 
mm., greatest width of aperture 9 mm. 


Family TURRITELLIDAE 
Genus Turritella Lamarck, 1799 
Type (by monotypy), Turbo terebra Linné. Recent, western Pacific. 


Turritella buwaldana Dickerson, n. subsp. 
(Plate 4, figure 42) 


One imperfect specimen of a Turritella was found in a collection made by C. E. 
Weaver in the Markley formation, his locality 909, which belongs to the Turritella 
buwaldana group. It was determined by C. W. Merriam as being identical to a new 


in 
“ad 
+ 


SYSTEMATIC DESCRIPTIONS 705 


subspecies of T'urritella buwaldana, which he has described in his monograph on the 
Turritellas of western North America. The holotype of his subspecies comes from 
the Lower Tejon of the type section. 


Turritella uvasana Conrad 
(Plate 3, figure 29) 


eta =p Conrab, 33d Congress, 1st sess., House Ex. Doc. No. 129, app. 

1855) p. 10. 

Turritella uvasana Conrad, Pacific R. R. Reports, vol. 5 (38d Congress, 2d sess., 
Senate Ex. Doc. No. 78) (1855) p. 321, pl. 2, fig. 12. 

Turritella uvasana Conrad, ANperson and Hanna, Calif. Acad. Sci., Occ. Papers, 
vol. 11 (1925) p. 126, pl. 11, figs. 5, 6; pl. 12, fig. 9. 

Turritella uvasana Conrad, like most species of that genus, shows considerable 
variation at the type locality, which is in the lower portion of the type Tejon at the 
south end of the San Joaquin Valley. Here, there are at least six or seven fairly 
distinct variants. The species has a widespread geographical distribution along the 
West Coast, and is reported from beds of Lower to Upper Eocene age. However, 
each zone of the Eocene has its own variants which, taken together, may be con- 
sidered as distinct subspecies. 

Charles W. Merriam, in a monograph on the Turritellas of western North America, 
which will be published in the near future, has recognized twelve distinct subspecies, 
including the typical form, under the species Turritella uvasana, and each one of 
these subspecies is characteristic either of a distinct geographic province or of a 
stratigraphic zone. Several well-preserved specimens referable to 7’. uvasana subsp. 
uvasana, the type of which came from the Lower Tejon, are found in the collections 
from the Markley formativun, locality A1297. The specimen here figured is charac- 
terized by having a distinct depression anteriorly next to the suture in which there 
is a fine spiral riblet. Above this are seven major spiral riblets between which are 
faint indications of a series of secondary finer riblets. On one of the specimens at 
hand, these secondary riblets are fairly well developed. 


Family THIARIDAE 
Genus Thiara (Bolten) Réeding, 1798 (= Melania Lamarck) 
Type (by subsequent designation), Melania holandri Feruss 
Subgenus Melanoides Oliver, 1807. 
Type, Melania asperata Lamarck hom. 
Thiara (Melanoides) calafi, n. sp. 
(Plate 3, figures 31, 36) 


Shell turrited, slender; apex broken on all specimens at hand; sutures slightly ap- 
pressed; a series of small, sharp nodes a little below the suture on the body and 
penultimate whorls; on the whorl posterior to this, the nodes are more elongate, and 
on the earlier whorls, they become obsolete or nearly so, and narrow, rounded, longi- 
tudinal ribs extending from suture to suture take their place; there are sixteen nodes 
on the body whorl of the holotype. Surface below the nodes covered by a series of 
fine spiral ribs, fifteen on the body whorl of the holotype and seven on the two 
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whorls posterior; on the appressed area above the nodes, a rather indistinct spiral 
rib is discernible on the body and penultimate whorls, but not on the whorls posterior 
to that. Aperture broadly ovate and broadly rounded anteriorly. Dimensions: holo- 
type 30886 (apex broken), height about 22.0 mm., height of body whorl about 69 
mm., greatest width of body whorl 5.0 mm.; paratype 30880 (apex broken), height 
20.6 mm., height of body whorl about 7.7 mm., greatest width of body whorl 7.3 mm. 

This species may be referred to as belonging to the T'hiara fettkei—described as 
Potamides fettkei Weaver (1912, p. 36, pl. 2, figs. 23, 24)—group in that it rather 
closely resembles that species, the type of which comes from the Cowlitz formation 
(Upper Eocene). The former species differs from the latter as follows: (1) it has a 
greater number of finer nodes on the body whorl; (2) the spiral ribbing on the 
former is finer than on 7’. fettkei, and is not beaded as in Weaver’s species; (3) on 
T. fettkei, there are two well-developed beaded ribs posterior to the row of nodes 
on the anterior whorls, but on the former, there is only one unbeaded spiral rib in 
that position; (4) there are no secondary spiral ribs between the major spiral ribs 
on T. calafi, n. sp., as seen on 7’. fettkei. 


Thiara (Melanoides) markleyensis, n. sp. 
(Plate 3, figures 24, 30) 


Shell turritiform (apex broken on all specimens at hand) ; suture appressed to sub- 
linear; surface sculptured by moderately heavy, finely noded spiral ribs; these nodes 
on the anterior whorls line up so as to give a cancellated appearance to the surface; 
there are about fourteen spiral ribs on the body whorl and eight on each of the 
anterior whorls of the spire. There is a series of rather prominent sharp nodes a 
little below the suture on the three anterior whorls; eleven of these nodes are on 
the body and on the penultimate whorls. Beginning with the fourth whorl from the 
anterior end the nodes fade into rounded, longitudinal ribs which extend from suture 
to suture; here, they begin abruptly on the posterior side of the whorls, giving a 
tabulate effect to the suture. Aperture broadly subovate; outer lip broken. Dimen- 
sions: holotype 30891 (apex broken), height about 11.5 mm., height of body whorl 
44 mm., greatest width of body whorl 4.5 mm.; paratype 30892 (apex broken), 16.0 
mm., height of body whorl 5.4 mm., greatest width of body whorl about 5.0 mm. 

This description is based upon the holotype. As will be seen from the figure of 
the paratype, there is considerable variation in the species. Thus on specimen 30892, 
there are fourteen nodes on the body whorl as contrasted with eleven on the holo- 
type; it is also noteworthy that the nodes on the paratype are sharper and longer 
than on the holotype. Another character that distinguishes it from the holotype is 
that the spiral ribs are finer and are obsolete on the area covered by the nodes; 
on the latter, the nodes are crossed by the spiral ribs. 

Thiara markleyensis, n. sp., like Thiara calafi, n. sp., belongs to the Thiara fettkei 
group and, like the latter species, has the beaded spiral ribbing. The following are 
the most important differences between the two species: (1) there are fewer nodes 
on 7’. markelyensis, n. sp., and they are closer to the suture than on Weaver's 
species; in this character, 7’. fettket is nearer to T. calafi, n. sp.; (2) there are no 
spiral secondary riblets between the major beaded spiral ribs as seen on 7’. fettkei. 
Thiara markleyensis, n. sp., may be distinguished from T. calafi, n. sp., as follows: 
(1) on the former, the nodes are coarser, fewer in number, and have a wider area 
between them and the suture; (2) the spiral ribbing on the former is finely noded; 
on the latter, it is not. 
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Family PLEUROCERIDAE 
Genus Elimia H. and A. Adams, 1854 
Type (see Stewart, 1927), Melania acutocarinata Lea 


Elimia dickersoni, n. sp. 
(Plate 3, figures 8, 9, 13) 


Shell fairly heavy, turrited (apex broken on all specimens at hand); sutures 
slightly depressed; surface sculptured by a series of moderately heavy spiral ribs 
with interspaces averaging somewhat wider than the width of the ribs; on the 
holotype there are seventeen of these ribs on the body whorl, and eight on the 
anterior whorls of the spire; on paratype 30883, there are sixteen on the body whorl 
and seven on the whorls of the spire; surface also sculptured by a series of heavy, 
rounded, longitudinal ribs which extend from suture to suture on the posterior 
whorls, beginning abruptly at the posterior suture and forming a moderately prom- 
inent shoulder; on the penultimate whorl of the holotype, these ribs almost fade 
out anteriorly before reaching the suture, and on the body whorl, they extend only 
a short distance below, forming short elongate nodes. On the holotype there are 
fifteen of these nodose ribs on the body whorl, and on the penultimate whorl, there 
are only ten; on the paratype 30883, there are only eleven ribs on the body whorl 
and ten on the penultimate whorl. The three specimens here figured, out of more 
than seventy specimens, represent about the extremes in the variations of the num- 
ber of longitudinal ribs. Aperture elongate ovate, narrowing and produced anteriorly, 
as is characteristic of this genus; outer lip thin; inner lip not callused. Dimensions: 
holotype 30884, height 34.3 mm., height of aperture 13.5 mm., greatest width of 
body whorl 13.2 mm.; paratype 30883, height 38.3 mm., height of aperture 146 mm., 
greatest width of body whorl 14.2 mm.; paratype 30885, height 208 mm., height of 
aperture 8 mm., greatest width of body whorl 105 mm. Named in honor of R. E. 
Dickerson. 

This species appears to be closely related to Elimia diegoensis (Hanna) (M. 
Hanna, 1927, p. 310, pl. 51, figs. 5, 6, 7), from which it differs as follows: the whorls 
of E. dickersoni, n. sp., are somewhat wider in proportion to their height as com- 
pared to the latter species; the longitudinal ribs on EF. diegoensis are not as heavy 
as on EL. dickersoni, n. sp., and they are well developed on all the whorls, including 
the body whorls; thus the nodose character of these ribs, as seen on the body whorl 
of EZ. dickersoni, n. sp., is lacking on Hanna’s species; on E. diegonensis, the longi- 
tudinal ribs do not begin as abruptly, not forming the obscure shoulder seen on 
Elimia dickersoni, n. sp. Elimia diegoensis occurs in the upper portion of La Jolla 
formation belonging to the “Transition” zone, which comes between the deposits 
of the Domengine stage and those of the Tejon. 


Elimia ? n. sp. 
(Plate 3, figure 35) 


Shell turrited (apex and aperture broken), sutures channeled; whorls of spire 
nearly twicé the width of their height, with nearly straight sides; surface sculptured 
by a series of spiral ribs, crossed by a set of longitudinal ribs only slightly heavier 
than the spirals; a bead-like node is found at each intersection where the two series 
cross. Dimensions: hypotype 30882, height 16.4 mm. 

Only two imperfect specimens were found in the collections from locality A1298. 
The broken aperture makes the generic determination uncertain. 
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Elimia schencki, n. sp. 
(Plate 3, figures 20, 33, 34) 


Sheil slender, turrited (apex broken on all specimens at hand); sutures linear; 
surface sculptured by a series of rather coarse, spiral ribs which are beaded on the 
body and penultimate whorls; the interspaces between these ribs average slightly 
wider than their width; there are thirteen of them on the body whorl of the holo- 
type and seven on the penultimate whorl; surface also sculptured by a series of 
rounded longitudinal ribs; those on the posterior whorls are well developed and 
cross from suture to suture; on the penultimate whorl they are indistinct next to 
the anterior suture, and on the body whorl they fade out only a short distance 
below the suture; there are fourteen longitudinal ribs on the penultimate whorl, 
nine on the first whorl posterior to that, and eight on the next posterior whorl. 
Aperture elongate ovate in outline, inner lip covered by a narrow, smooth callus. 
Dimensions: holotype 30876, height (apex broken) 19.7 mm., height 7 mm.; para- 
type 30877, height 19.6 mm. (apex and aperture broken); paratype 30881, height 
(apex broken) 17.5 mm. Named in honor of H. G. Schenck. 

Elimia schencki, n. sp., differs from E. dickersoni, n. sp., found at the same 
locality: (1) in being more slender; (2) having fewer spiral ribs, which are beaded 
on the anterior two whorls but are not beaded on £. dickersoni, n. sp.; (3) lacking 
the narrow tabulated suture seen on E. dickersoni. 

This species resembles somewhat Elimia lewistana (Weaver) (Weaver, 1912, p. 37, 
pl. 2, figs. 22, 25), described as Potamides lewisiana. Both have about the same 
number of beaded spiral ribs. The whorls of Weaver’s species have a faint shoulder 
not seen on EF. schencki, n. sp., and the longitudinal ribbing is only developed on the 
posterior whorls. On EF. schencki, n. sp., the beading of the spiral ribs is finer and less 
distinct; on EF. lewisiana, it is heavier and well developed on all the whorls. 


Family CERITHIDAE 
Genus Benoistia Cossman, 1899 


Type (by original designation), Cerithium muricotdes Lamarck = Brachytrema 
Cossmann, 1889; not Brachytrema Norris and Lycett, 1850. 
Middle Eocene, Paris Basin 


Benoistia californica, n. sp. 
(Plate 3, figures 2, 3, 4) 


Shell fairly heavy, turbonate in outline, of about five whorls; sutures deeply chan- 
neled, and on the body whorl the edge of this depression is crenulated; surface 
sculptured by moderately heavy spiral ribs, the interspaces on the whorls of the 
spire and on the posterior portion of the body whorl wider than the ribs; in these 
interspaces there is a finer interrib; on the anterior portion of the body whorl the 
ribs become finer and closer together and the two sets are of equal weight; on the 
penultimate whorl there are three major spiral ribs; surface also sculptured by a 
series of longitudinal ribs which are somewhat heavier than the major spirals; the 
longitudinal ribs on the whorls of the spire cross from suture to suture, but they 
are obsolete on the anterior half or two-thirds of the body whorl; there are twelve 
of these ribs on the penultimate whorl. Aperture subcircular with a canal similar 
to that on some of the species of Turbo. 
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The description of this species is based on two imperfect specimens. The holo- 
type 30896 is represented by a portion of the body whorl and three of the whorls 
of the spire, with the sculpturing well preserved. The paratype 30895 consists of 
most of the body whorl and two of the whorls of the spire, but the whorls of the 
spire lack the sculpturing, which is only partially gone on the body whorl. However, 
next to the suture the longitudinal and spiral ribs are faintly preserved, and the 
spiral ribbing on the anterior portion of the whorl is fairly well preserved. 

The sculpturing, character of the sutures, and the short canal seem to place this 
species in Cossman’s genus Benoistia. Judging from Cossman and Pissarro’s figure 
(1910-1913, pl. 23, fig. 136-2), the species is similar to Benoistia brevicula Deshayes, 
which is listed as from the Lutetian of the Paris Basin. 


Family DOLIIDAE 
Genus Ficopsis Conrad, 1866 


Type (by subsequent designation, Gabb, 1867), Ficus penitus Conrad = Pyrula 
cancellata Lea. Eocene, southeastern United States 


Ficopsis cowlitzensis (Weaver) 
(Plate 3, figures 1, 7) 


monenies cowlitzensis Weaver, Wash. Geol. Surv., Bull. no. 15 (1912) p. 45, pl. I, 
gs. 1, 4. 
Ficopsis cowlitzensis (Weaver), Dickerson, Calif. Acad. Sci., Pr., 4th ser., vol. 5, 
no. 3 (1915) p. 61, pl. 6, fig. 10. 
Ficopsis cowlitzensis (Weaver), ANDERSON and Hanna, Calif. Acad. Sci., Occ. Papers, 
vol. 11 (1925) p. 112. 
Several good specimens referable to this species were found in the collections from 


locality A1297. Dimensions: hypotype 30873, height about 33.0 mm. 


Family BUCCINIDAE 


Genus Pseudoliva Swainson, 1840 


Type (by subsequent designation, Herrmannsen, 1847), Buccinum plumbeum 
Chemnitz. Recent, off the coast of west Africa 


Pseudoliva kirbyi, n. sp. 
(Plate 4, figures 3, 4) 


Pseudoliva inornata Dickerson, Calif. Acad. Sci., Pr., 4th ser., vol. 5, no. 3 (1915) 
p. 62, pl. 7, figs. 1b, 1c, not pl. 7, fig. 1a. 

Shell with a low, rather acute spire which has a small, smooth, loosely coiled 
helicoid protoconch of about two whorls, below which the main part of the shell 
is made up of three whorls; sutures appressed, surface of body whorl for a short 
distance below suture slightly concave; below this is a rather strong narrow zone 
of convexity which forms a subangulation; anterior to this the anterior-posterior 
profile of the whorl is only slightly convex. The anterior two whorls of the spire 
are ornamented by a series of moderately heavy but somewhat indistinct longitu- 
dinal ribs which reach from suture to suture; this ribbing is obsolete on the body 
whorl; surface of shell otherwise smooth except for the sinus groove which is a 
little anterior to the middle of the body whorl; aperture narrow, elongate, subovate ; 
outer lip thin, inner lip covered by a fairly heavy callus; umbilical fasciole lacking ; 
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anterior siphonal notch fairly deep. Dimensions: holotype 12476, height 144 mm., 
height of aperture 116 mm., greatest width of body whorl 9.0 mm.; paratype 12477, 
height 15.0 mm., height of aperture 11.5 mm., greatest width of body whorl 88 mm. 

This description is based upon the holotype. Only two specimens of this species 
were found in the collections from the Markley formation. Specimens referable 
to this species are rather common in the collections from the Cowlitz formation of 
southwestern Washington. One of the specimens figured by Dickerson as P. inornata 
is referable to P. kirbyi, n. sp., rather than to the form represented by his type, 
which came from the type Tejon. P. kirbyi, n. sp., may be distinguished from 
P. inornata by the fact that it differs considerably in outline; the body whorl of 
the former is much less tumid than that of the latter and the longitudinal ribbing 
on the spire is more acute. P. kirbyi, n. sp., has fairly well developed longitudinal 
ribs on the anterior whorls of the spire, but on P. inornata there is no sign of this 
ribbing. On the latter, there is a fairly strong siphonal fasciole and a rather strong 
recurved ridge behind it, both of which are missing on P. kirbyi, n. sp. 

Anderson and Hanna (1925, p. 52, pl. 12, fig. 1) consider Pseudoliva inornata to 
be a synonym of P. tejonensis Dickerson (1915, p. 63, pl. 7, fig. 2). In the writer’s 
opinion the two species are quite distinct. P. tejonensis has a strongly depressed, 
callused suture, and the surface is sculptured by fairly heavy spiral lines, characters 
not found on the type of P. inornata. Also, the outline of the two species is con- 
siderably different. 

Pseudoliva kirbyi, n. sp., may be distinguished from P. markleyensis, n. sp., found 
at the same localities, by the lack of any spiral sculpturing and by its much smaller 
and more acute protoconch. The two species also differ considerably in outline. 
P. markleyensis, n. sp., has a gentle convex outline to the top of the body whorl 
and the spire; this outline on the other species is gently concave. 


Pseudoliva markleyensis, n. sp. 
(Plate 4, figures 20, 21, 27, 28, 34, 35, 40, 44) 


Shell fairly heavy, spire low; number of whorls four and a half, including about 
two and a half broad, smooth, helicoid, nuclear whorls which are loosely coiled 
anteriorly; sutures strongly appressed. The line of greatest convexity of the body 
whorl comes not far below the suture; on this line are eight fairly distinct nodes; 
these are somewhat irregularly spaced and are not visible on the whorls of the spire; 
below the angulation, are four broad’ but shallow grooves separated by considerably 
wider interspaces. The tooth on the outer lip and the groove that goes with it, 
which are characteristic of this genus, come at about half the distance between the 
nodes and the anterior end. Aperture elongate ovate; outer lip thin, inner lip 
covered by a thin wash of callus; a fairly deep siphonal notch; siphonal fasciole 
lacking. Dimensions: holotype 12472, height (broken) about 16.0 mm.; paratype 
12473, height 17.1 mm.; paratype 12474, height 16.0 mm.; paratype 12475, height 
15.5 mm. 

The variation in this species is considerable; on some of the specimens, the nodes 
are entirely lacking, on others they show only faintly; on some the broad, shallow 
grooves on the body whorl are nearly obsolete, on others there is a broad groove 
or depression between the suture and the line of the greatest convexity; on some 
of the specimens the callus on the inner lip is heavier than on the holotype and 
there is a fairly strong plication, posterior to the siphonal notch. 

As will be noted from the specimens here figured, there is considerable variation 
in the height of the spire and in the relative width of the body whorls. 
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Pseudoliva markleyensis, n. sp., appears to be closely related to P. dilleri Dicker- 
son (1914, p. 122, pl. 12, figs. la, 1b, 1c, 1d), a distinctive species from the Umpqua 
formation (Middle Eocene) of Oregon, from which it differs in the following re- 
spects: (1) the nodes of the body whorl are not as well developed as on P..-dilleri; 
(2) the spiral ribbing is obsolete on the former, but well developed on the latter; 
(3) only a few specimens of the former species show a faint trace of the spiral rib- 
bing. The broad, shallow grooves seen on the body whorl of P. markleyensis are 
also found on P. dilleri. The shells of the two species have about the same outline 
and the same type of nuclear whorl; it would seem probable that the latter species 
is ancestral to the former, the one belonging to the lower part of the Middle 
Eocene, and the other to the Upper Eocene. 


Family NEPTUNEIDAE 
Genus Siphonalia Adams, 1863 
Type, Siphonalia cassidariaeformis (Reeve). Recent, Japan. 
Subgenus Austrofusus Kobelt, 1881 = Arthicola Iredale 
Type (by subsequent designation, Iredale, 1912), Siphonalia alternata Philippi 


Stphonalia ( Austrofusus) bicarinata subsp. crooki, n. subsp. 
(Plate 3, figures 10, 11, 14, 15, 16, 17, 18, 19) 


Shell with a fairly acute spire which is about three-fifths the height of the body 
whorl; sutures rather strongly appressed, forming a fairly broad sutural collar on 
the anterior whorl; a little anterior to this, the body whorl and the penultimate 
whorl are subangulate to angulate, the posterior whorls being more or less regularly 
rounded; number of whorls, six or seven. Surface sculptured by numerous fine 
spiral lines which are fairly closely spaced and alternate in strength; on the anterior 
whorl of the spire, there are more than forty-five; surface also sculptured by a 
series of fairly heavy, rounded longitudinal ribs which, on the whorls of the spire, 
begin a little below the sutural collar and extend down to the suture; these are 
obsolete on the anterior portion of the body whorl, and tend to form nodes where 
they cross the angulations, especially on the body whorl. On the holotype, there are 
nine of these longitudinal ribs on the body whorl and twelve on the penultimate 
whorl. Aperture ovate with a well-defined posterior siphonal notch; outer lip thin, 
inner lip with a fairly heavy callus; canal short, slightly flexed; siphonal fasciole 
well defined posteriorly by a carina which reaches from the callused inner lip to 
the posterior side of the siphonal notch. Dimensions: holotype 30899, height 24.5 mm., 
height of body whorl 15.5 mm., greatest width of body whorl, about 15.0 mm.; para- 
type 30897, height 22.2 mm., height of body whorl 13.6 mm., greatest width of body 
whorl 11.6 mm.; paratype 12461, height 21.2 mm., height of aperture 13.2 mm., great- 
est width of body whorl, 12.0 mm.; paratype 12462, height 24.2 mm., height of aper- 
ture 15.4 mm., greatest width of body whorl 13.9 mm. 

As will be noted from the dimensions given and the figures, there is considerable 
individual variation in this species. Thus, on the holotype 30899 (PI. 3, figs. 17, 18) 
and on paratype 30897 (PI. 3, figs. 10, 15) the angulation on the body and penulti- 
mate whorls is fairly well developed, but on the paratype 12461 (PI. 3, figs. 11, 16) 
it is more obscure, and the longitudinal ribs are heavier. There is also considerable 
variation in the posterior siphonal notch and in the anterior fasciole. ’ 
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The known species of Siphonalia of western North America have recently been 
the subject of a monograph by John Ruth, formerly a graduate student at the Uni- 
versity of California. He has pointed out that there are five which are closely 
related: Siphonalia bicarinata Dickerson, 8S. packi (Dickerson), S. crooki, S. wheat- 
landi Clark ms., and Siphonalia n. sp. Turner ms. He considers that the relation- 
ships between these forms are so close that they should be included as subspecies 
under the species S. bicarinata Dickerson (1915, p. 66, pl. 8, figs. 1a, 1b, 1c, 1d), the 
first to be described. Siphonalia bicarinata comes from the Cowlitz formation of 
southwestern Washington. Siphonalia packi—described as Strepsidura packi, Dicker- 
son (1917, p. 177, pl. 30, figs. 1la, 11b)—was described from the Gries Ranch beds, 
which are above the Cowlitz formation, and from the lower part of the Lincoln 
formation, as recognized by C. E. Weaver. 

Siphonalia bicarinata subsp. wheatlandi Clark ms. was described from the Wheat- 
land formation on the east side of the Sacramento Valley, in a paper by Clark and 
Anderson (in press). These deposits are close to the Gries Ranch beds in age and 
are questionably referred to the Upper Eocene. Siphonalia n. sp. Turner ms. comes 
from the Umpqua formation of southwestern Oregon, which is of lower Middle 
Eocene age. The writer will not attempt to discuss all these various forms; the 
reader is referred to the paper by Ruth (which is expected to be published in the 
near future), on the four subspecies. The writer has fairly large collections from 
both localities. 

Some of the variants of S. crooki are identical, or nearly so, with the variants of 
S. bicarinata from the Cowlitz formation at the type locality of that species; how- 
ever, the more common variants from the latter locality, which have the sharp- 
pointed, in some specimens flattened, spines on the shoulder of the body whorl, have 
not been found in the Markley formation. The type of S. bicarinata (California 
Acad. Sci. specimen no. 316) has a second row of nodes below the shoulder on the 
body whorl; this variant has not been found in the collections from the Markley 
formation. 

Cominella deserta (Soland) as figured by Cossman and Pissarro (1910-1913, pl. 37, 
fig. 178-1), and listed by them as coming from deposits of Bartonian and Lutetian 
stages, appears to belong to the subgenus Austrofusus; judging from their figure, it 
is similar to Siphonalia crooki, n. subsp., and might well be listed as an analogous 
species. 

Genus Cantharus Bolton, 1798 


Type (by subsequent designation, Suter, 1913), Cantharus globularis Bolton = Buc- 
cinum tranquebaricum Gmelin. Recent, Indian Ocean 


Subgenus Calicantharus, n. subgenus 
Type, Pisania fortis Carpenter, 1866. Pleistocene, Santa Barbara, California 


Cantharus (Calicantharus) californicus, n. sp. 
(Plate 4, figures 5, 13) 


Shell with moderately high spire, sutures rather strongly appressed with a fairly 
distinct sutural collar; number of whorls, five or six; surface sculptured by a series 
of heavy, beaded, spiral ribs between which are finer riblets; the interspaces be- 
tween these and the major ribs are narrow; there are fourteen or fifteen of the 
major ribs on the body whorl and four on the penultimate whorl; aperture ovate, 
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outer lip thin, inner lip covered by a thin callus; canal short, slightly reflexed with 
a fairly heavy umbilical fasciole. Dimensions: holotype 12468 (apex broken), height 
about 14 mm., height of body whorl, 9. mm., greatest width of body whorl, 78 mm. 

This species is placed in the genus Cantharus because of its close similarity to 
Cantharus fortis (Carpenter), a species from the Santa Barbara Pleistocene, which, 
according to Grant and Gale (1931, p. 647, pl. 28, fig. 2), “is very similar to the living 
Cantharus insignis (Reeve), and is unquestionably closely related;” however, they 
point out that the latter species differs in several important features from the geno- 
type of Cantharus and probably represents an unnamed group. A new subgenus is 
here proposed for this group under the name, “Calicantharus,” for the genotype of 
which the species Cantharus fortis (Carpenter) is here proposed. This group may 
be distinguished from that represented by Cantharus tranquebaricus (Gmelin) as 
follows: (1) the suture is appressed with a well-developed sutural band; (2) there is 
a well-defined set of secondary spiral ribs not seen on the latter species; (3) all the 
West Coast species tend to be higher and on most of them there is a well-defined 
posterior siphonal notch next to the suture. Other species referable to this subgenus 
are Cantharus insignis (Reeve), Cantharus fortis var. angulatus (Arnold), and Can- 
tharus californicus, n. sp. There is an undescribed species of Cantharus, apparently 
belonging to this group, which is found in the Martinez formation (Eocene) of Con- 
tra Costa County. Urosalpinz merriami Weaver and Palmer (1922, p. 39, pl. 11, fig. 
15), described from the Cowlitz formation, also belongs to this group, and apparently 
is closely related to C. californicus, n. sp. Possibly more and better material will 
show that the latter should be considered a subspecies of Weaver’s form. 


Subgenus Endopachychilus Cossman, 1889 
Type (by original designation), Purpura crassilabrum Deshayes. Eocene, Paris Basin 


Endopachychilus was included by Cossman (1901, p. 169-170, pl. 6, fig. 16) as a 
subgenus under the genus 7'’ritonidea Swainson, 1840, which is preceded by the genus 
Pollia Gray, 1834. The latter two names are exact synonyms founded on the same 

ecies. 

Thiele (1929, p. 314) places Pollia as a subgenus of Cantharus; the writer will con- 
sider Endopachychilus as a subgenus under that genus and equal in rank to Pollia. 
Endopachychilus may be distinguished from the subgenus Pollia by the lack of the 
denticulate posterior siphonal notch seen on Pollia and by the fact that the short 
canal on the former is sharply twisted to the left. The genotype of Cantharus s. s., 
C. tranquebaricus Gmelin, lacks the denticulate outer lip seen on Endopachychilus. 
The canal of Endopachychilus is closer to Cantharus than to that of Pollia but is 
somewhat longer and twisted a little more to the left. The species here described, 
C. (Endopachychilus) suturalis, n. sp., differs from Cossman’s type in having rounded 
whorls, whereas the whorls on the latter species are angulated, and the California 
species has a channeled suture, whereas on the type of the subgenus the whorls are 
appressed. It is closer to the species figured by Cossman and Pissarro (1910-1913, pl. 
37, fig. 11), as Tritonidea (Endopachychilus) semiplicata (Deshayes) which comes 
from the Bartonian of Caumont. Stewart (1927, p. 391) has stated that Phos 
blakianus Anderson and Hanna (1925, p. 73, pl. 8, fig. 16; pl. 11, figs. 8, 9) evidently 
comes under the genus Endopachychilus; if so, it is very different from the species 
here referred to that genus. In the writer’s opinion, Anderson and Hanna’s species 
is not an Endopachychilus; their species comes closer to some of those listed as 
Parvosipho by Cossman, but it is not typical and probably represents a new group. 
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Cantharus (Endopachychilus) suturalis, n. sp. 
(Plate 3, figures 23, 28) 


Shell heavy, with five whorls; sutures rather deeply channeled; surface sculptured 
by a series of fairly heavy spiral ribs with a fine spiral riblet in each interspace; these 
interriblets are not well developed on the whorls of the spire. There are about 
twelve major spiral ribs on the body whorl, five on the penultimate whorl, and four 
on the next posterior whorl; surface also sculptured by a series of fine longitudinal 
ribs, which are obsolete on the body whorl .but are well developed on the first two 
whorls posterior to that; these tend to form nodes where they cross the spiral ribs, 
giving the surface a reticulate appearance; outer lip bounded by a somewhat in- 
conspicuous varix, with eight fairly heavy lirations on the inside; inner lip smooth, 
covered by a thin wash of callus; umbilical fasciole fairly heavy; canal short, twisted 
rather strongly to the left. Dimensions: holotype 12469 (tip end of canal broken), 
height 18.1 mm., height of body whorl 99 mm. The species is founded on one 
specimen from locality A1297. 


Subgenus Focantharus, n. subgenus 
‘ype, Cantharus (Eocantharus) cowlitzensis, n. sp. Eocene, California 


Cantharus (Eocantharus) cowlitzensis, n. sp. 
(Plate 4, figures 7, 8, 9, 10) 


Shell fusiform with a fairly high spire (apex broken); number of whorls, six or 
seven; sutures appressed, surface sculptured by a series of fairly coarse, closely spaced, 
spiral ribs; there are nine of these ribs on the penultimate whorl and nineteen on the 
body whorl. Surface also sculptured by a series of heavy, rounded, longitudinal 
ribs which, on the whorls of the spire, reach from suture to suture, and on the body 
whorl extend well down onto the canal. There are six of these ribs on the body 
whorl and seven on the earlier whorls of the spire. Aperture elongate ovate; outer 
lip ornamented internally by a series of elongate denticulations; inner lip smooth; 
canal short with a fairly deep umbilical fasciole. Dimensions: holotype 30889, height 
23 mm., height of body whorl 12 mm., greatest diameter of body whorl 114 mm.; 
paratype 30890, height 22 mm. (apex broken), height of body whorl 13.7 mm., greatest 
diameter of body whorl 11 mm. 

This description is based on the holotype, which comes from the state of Wash- 
ington, locality A1543. This locality is in the sands of the Cowlitz formation as ex- 
posed on Cowlitz Creek, Lewis County (C. E. Weaver's loc. 329, in part). The para- 
type comes from the Markley formation, locality A1297. It is not as well preserved 
as the holotype; the apex and outer lip are broken, and the spiral ribbing is imper- 
fectly preserved; however, there can be but very little doubt that it is specifically 
identical with the Cowlitz specimen. 

This species is not a typical Cantharus. It differs from the genotype, Cantharus 
tranquebaricus, in having a somewhat longer and better developed canal; also, there 
are well-developed denticulations on the inner lip, which are not seen on the geno- 
type. The species falls within an Eocene group referred to by Cossman (1901, p. 
167-169) under the name T'ritonidea Swainson, 1840, which is a synonym of the sub- 
genus Pollia Sowerby, 1834, both having the same species, Buccinum undosum Lin- 
naeus, as the genotype. Most of the Eocene species cited by Cossman under the 
generic name T'ritonidea certainly do not fall into the Buccinum undosum group. 
They come closer to Cantharus s. s. However, most of them show certain charac- 
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teristics that distinguish them from the living C. tranquebaricus group. The writer 
has not found a section into which these Eocene species fit. The subgeneric name 
Eocantharus is here proposed to designate this group of species with Cantharus 
(Eocantharus) cowlitzensis, n. sp., as the genotype. 

Some of the species found in the Paris Basin Eocene that belong to this group 
are Tritonidea decepta (Defrance), Tritonidea excisa (Lamarck), T'ritonidea neglecta 
(Deshayes), and Tritonidea lata (Sowerby) (Cossmann and Pissarro, 1910-1913, pl. 
37, figs. 179-3, 179-4, 179-7, 179-9). 

The characters that distinguish this group from the typical Cantharus may be 
summed up as follows: (1) the shell is more slender and the spire higher; (2) the 
canal is longer; (3) it has well-developed denticulations on the inside of the outer 
lip not seen on the typical Cantharus. 


Family NASSARITDAE 
Genus Molopophorus Gabb, 1867 
Type, Bulla striata Gabb. Eocene, California 


Molopophorus crookt, n. sp. 
(Plate 4, figures 14, 37, 43, 45, 46) 


Shell with a fairly high acute spire; sutures strongly appressed; number of whorls 
on adult specimen six, with sides gently convex; a slight depression a little below 
suture on the anterior whorls of the spire and on the body whorl; above this the sur- 
face loses its convexity, resulting in a rather broad sutural band; on some specimens 
this is rather indistinct, on others it is well developed; surface of shell sculptured by 
numerous fine spiral riblets: of these there are between 30 and 35 on the body whorl 
and about 16 on the penultimate whorl; surface also sculptured by a series of fine 
longitudinal lines which vary considerably in their prominence, and which in cross- 
ing the spiral riblets give a cancellated appearance to the surface of some of the 
specimens. Aperture elongate ovate in outline; outer lip thin; inner lip smooth, 
covered by a thin wash of callus; anterior siphonal notch well developed. The two 
plications so characteristic of the genus on the outer side of the columella are well 
developed, the posterior one being much the strongest. Dimensions: holotype 30746, 
height 23.0 mm., height of aperture 14.5 mm., greatest thickness of body whorl about 
11.0 mm.; paratype 30747, height 26.0 mm., height of aperture 15.5 mm., greatest 
thickness of body whorl 11.0 mm.; paratype 30742, height about 28.5 mm., height of 
aperture 18.5. 

M. crooki, n. sp., can be distinguished from M. tejonensis, with which it occurs, in 
that it is higher, more slender, the sides of the whorl are not as strongly convex, and 
the longitudinal and spiral riblets are finer and more numerous. On most of the 
specimens of M. tejonensis there are four plications on the columella, two anterior 
ones on the inside and two posterior to these on the outside. On M. crooki, n. sp., 
only the two posterior plications are visible; the anterior ones, if they exist, are 
covered by the callus on the anterior end of the inner lip. 


Molopophorus tejonensis Dickerson 
(Plate 4, figures 38, 39, 47) 


Molopophorus tejonensis Dickerson, Calif. Acad. Sci., Pr., 4th ser. vol. 5, no. 3 (1915) 
p. 66, pl. 8, figs. 3a, 3b. 

Cominella tejonensis (Dickerson), ANpERSON and Hanwna, Calif. Acad. Sci., Occ. 
Papers, vol. 11 (1925) p. 72. 
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Only one specimen from the type locality, the type of M. tejonensis, was available 
for study. This agrees in outline and in sculpturing with specimens from locality 
A1297, where it is abundant. The spiral ribbing on specimens from the latter locality 
is generally not as well preserved as on the type. Another character that distin- 
guishes many of the Markley specimens from the type is the presence of fairly well 
developed varices; however, on some of them the varices are lacking. As will be 
noted from the figures, there is considerable variation in the Markley specimens. 
Some of these variants are rather close to variants of M. bretzi (Weaver)—described 
as Ancillaria bretzi Weaver (1912, p. 53, pl. 2, fig. 21)—from the Cowlitz formation of 
southwestern Washington. It is possible that the latter species should be considered 
as a subspecies of M. tejonensis. 

Stewart (1927, p. 391, 392, pl. 28, fig. 9) has listed M. tejonensis as a synonym of 
M. cretaceus (Gabb). The specimen figured by him as the lectotype has only 24 
longitudinal ribs on the body whorl. On the type of M. tejonensis there are 30 of 
these ribs, which on the Markley specimens vary between 30 and 37 in number. No 
specimens were found at the Markley locality with as few ribs as on Gabb’s species. 
Another character that distinguishes Gabb’s specimen from M. tejonensis is that the 
whorls are more strongly convex. It is probable that M. antiquatus (Gabb), the 
type of which is refigured by Stewart (1927, p. 390-391, pl. 28, fig. 4), should be con- 
sidered a synonym of M. cretaceus. The two species apparently came from the 
same beds (Middle Eocene, Bull’s Head Point), near the town of Martinez, Contra 
Costa County. The ribbing and outline of the two forms are similar. 

There is a Molopophorus in the Domengine (Middle Eocene) of the Coalinga 
district, middle California, which is similar to M. tejonensis. The longitudinal and 
spiral ribbing of this Domengine form are practically the same, but the whorls are 
somewhat more convex and the plications on the columella are stronger. It is prob- 
able that the Domengine specimens should be referred to as a new subspecies. 
Dimensions: hypotype 12470, height 16.0 mm.; hypotype 12471, height 16.5 mm. 


Family MURICIDAE 


Genus Urosalpinz Simpson, 1865 


Type (by original designation), Fusus cinereus Say. Recent, east coast of United 
States 


Urosalpinz kirby, n. sp. 
(Plate 3, figures 21, 25) 


Shell with a moderately high acute spire, with six subangulate whorls; anterior 
whorls with a strongly appressed sutural collar; surface sculptured by a series of 
moderately heavy spiral ribs with interspaces averaging more than twice their width, 
in which, as seen on the main part of the body whorl, are three fine spiral riblets. On 
the body whorl there are about sixteen of the major spiral ribs and there are eight 
on the penultimate whorl; surface also sculptured by heavy rounded longitudinal ribs 
which on the whorls of the spire reach from suture to suture but on the body whorl 
fade out a little below the middle of the whorl; there are nine of these ribs on the 
body whorl and on the whorls of the spire; outer lip thin, inner lip covered by a 
fairly heavy callus which is flexed near the anterior end into an obscure plication; 
the anterior end of the canal is broken, but apparently it was short and straight. 
Dimensions: holotype 30879, height (anterior end of canal broken) 27.6 mm., greatest 
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width of body whorl 16.4 mm. Named in honor of J. M. Kirby, who, with Theodore 
Crook, discovered this excellent collecting locality. 

The genotype of Urosalpinz, U. cinerea, is a common Atlantic Coast species and 
was introduced into San Francisco Bay with the spat of the East Coast oysters. It 
has a fairly wide distribution both in the Tertiary and in the Recent formations. 

There are three West Coast Eocene species which have been referred to the genus 
Urosalpinz. These are U. tejonensis (Weaver)—described as Hemifusus tejonensis 
Weaver (1912, p. 47; Dickerson, 1915, pl. 8, figs. 5a, b, c, d)—U. hannibali Dickerson 
(1915, pl. 9, figs. 7a, b) and U. merriami Weaver and Palmer (1922, p. 39, pl. 11, fig. 
15). Urosalpinz merriami Weaver and Palmer is not a true Urosalpinz. It appears 
to belong to the new subgenus Calicantharus which the writer has placed under the 
genus Cantharus [see discussion of the species Cantharus (Calicantharus) californicus, 
n. sp.]. 

No other species has been reported from the higher Tertiary deposits. None of 
these three is at all similar to U. kirbyt. The type of U. tejonensis (Weaver) was 
described but not figured. Dickerson later figured two specimens which he referred 
to that species. The two specimens undoubtedly represent two distinct species, and, 
not having access to the type, the writer is not certain which one, if either of the 
two, is the true U. tejonensis. 


Family CYMATIIDAE 
Genus Gyrineum Link, 1807 


Type (by virtual tautonomy and designated by Dall, 1905), Murer gyrinus Linné. 
Recent, Australia 


Gyrineum kewi (Dickerson) 
(Plate 2, figure 32) 


iagcnenss hg ne Calif. Acad. Sci., Pr., 4th ser., vol. 5, no. 3 (1915) p. 64, 
Anperson and Hanna, Calif. Acad. Sci., vol. 11 (1925) 
p. 56, pl. 10, fig. 4; pl. 13, fig. 12. 

The holotype of Gyrineum kewi (Dickerson) from the type Tejon is a somewhat 
immature specimen on which the varices line up. The specimen here referred to this 
species is about twice the size of the type, and the varices do not line up. In other 
respects, it is similar to Dickerson’s species, which differs from G. californicum (Gabb) 
—described as Tritonium californicum Gabb (1869, p. 154, pl. 26, fig. 33)—also from 
the type Tejon, in possessing a shorter canal, and in that the details of the spiral 
ribbing of the two species are different. 

Only one specimen of this species is found in the collections from the Markley 
formation. Dimensions: hypotype 30878, height 36.5 mm., length of aperture ap- 
proximately 20.0 mm. 


Family FUSIDAE 
Genus Pseudoperissolar Clark, 1918 


Type (by original designation), Perissolar blakei (Conrad) = Busycon ? blakei Con- 
rad. Tejon Eocene, California 


Stewart (1930, p. 41-42) considers the genus Pseudoperissolar to be a synonym of 
the genus Perissolax, the type species of which is Perissolax trivolua (Gabb) which 
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was chosen by subsequent designation by Whitfield (1892, pl. 21, figs. 1-3). As has 
been pointed out by Harold Vokes (unpublished paper), the type of Perissolax 
trivolva as refigured by Whitfield is an internal cast, and the presence or absence 
of a denticulate outer lip is not apparent. If the other specimen as figured by 
Whitfield is conspecific, Gabb’s species possesses a moderately well developed axial 
sculpt «ing. Whitfield considered Perissolax eocensis (Aldrich) as being a typical 
Perissolaz. Perissolax eocensis shows that the aperture possesses an outer lip which 
is strongly denticulate internally, and there are folds on the columella; also, that 
the anterior canal is sharply set off from the aperture. None of these characters is 
found on “Perissolax blakei.’ The writer’s conclusion is that Pseudoperissolaz is a 
valid genus. 

One of the characters of Pseudoperissolaz, not pointed out in the original descrip- 
tion of the genus, is that on the adult specimen there is a well-marked varix on the 
outer lip. 

Pseudoperissolax blakei (Conrad) 
(Plate 3, figures 5, 6, 12) 


Busycon ? 7 o ower 33rd Congress, Ist sess., House Ex. Doc. No. 129, app. (1855) 
p. un 

Busycon ? blakei Gioia, Pacific Railroad gery = 5 (33rd Congress, 2d sess., 
Senate Ex. Doc. No. 78) (1855) p. 322, pl. 3. 

Not ie oy > blaket Gass, Pal. Calif., vol. 1 (1804). Pp. $2, pl. 21, fig. 110. Recorded 
by Gabb from type Tejon. 

Perissolax blakei Gabb, Dickerson, ova Acad. Sci., Pr., 4th ser., vol. 5, no. 3 (1915) 
p. 44, pl. 11, fig. 4. C.AS. loc. 244, type Tejon. 

Pseudoperissolax blakei Conrad, Ciarx, Univ. Calif., Publ. Geol., vol. 11, no. 2 (1918) 
p. 181. (Conrad’s species cited as the type of Pseudoperissolax.) 


There are several well-preserved specimens of this species in the collections from 
locality A1297, that come within the range of variation of specimens from the type 
locality; therefore, they may be referred to as P. blakei s.s. The species is found 
at several localities in the Middle Eocene deposits. Here the variants are different 
from those in the typical Tejon in such proportions as width, height. It was to 
this group of variants that Gabb’s figure of P. blakei (1864, pl. 21, fig. 110) belongs. 
His specimen came from the Middle Eocene deposits near the town of Martinez. 
These deposits have been generally referred to the Domengine zone. Harold Vokes, 
in a paper to be published in the near future, has given this form a subspecific name. 
Dimensions: hypotype 30874, height (canal broken) about 22.5 mm.; hypotype 30875, 
height (canal, spire broken) about 22.0 mm. 


Genus Perse Clark, 1918 [= Whitneyella Stewart, 1927]. 
Type (by original designation), Perse corrugatum Clark. Oligocene, California. 


The type of this genus was described from the San Ramon formation (Upper 
Oligocene) of the Berkeley Hills area east of San Francisco Bay. It was based upon 
the species Perse corrugatum Clark (1918, p. 180, pl. 23, fig. 2). The close relation- 
ship to Hemifusus washingtoniana Weaver (1912, p. 46-47, pl. 2, figs. 11, 12) was 
pointed out. It was unfortunate that the latter species was not picked as the type 
of the genus, in that the anterior end of the canal of Perse corrugatum is imperfectly 
preserved. Stewart (1927, p. 401-402), in his discussion of Gabb’s “Fasciolaria” 
sinuata, states that “it is at least certain that it (Perse) does not belong with the 
‘H? washingtoniana group.” Because of that conclusion, he erected a new genus, 
Whitneyella, with Hemifusus washingtoniana Weaver as the genotype, and then 
referred Gabb’s species “Fasciolaria” sinuata to it. 
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The anterior end of the canal of the type of Perse corrugatum is broken off, giving 
it the appearance of being shorter than it was. Apparently it was slightly reflexed 
as in Perse washingtoniana. The sculpturing of the latter species is so near to that 
of the former that there can be but little doubt that the two belong to the same 
group. Even though the anterior end of the canal of Perse is broken, the name 
“Perse” holds, and Whitneyella will have to be thrown out. 

There are two fairly distinct groups of species of Perse in the Eocene and Oligo- 
cene of North America: (1) Perse s. s. is represented by three described species; 
Perse corrugatum Clark, Perse washingtoniana (Weaver), and Perse lincolnensis (Van 
Winkle). The latter species comes from the Lincoln horizon of the Oligocene of 
Washington. (2) The other group is represented by Perse sinuata (Gabb), P. mark- 
leyensis, n. sp., and Perse sinuata subsp. oregonensis Turner ms. This group of 
species differs from that of Perse s. s. in the following respects: (1) the spire is higher; 
(2) the well-defined concavity on the upper part of the body whorl as seen on Perse 
is lacking, and usually the sutural collar is less well defined; (3) there is a well- 
defined posterior notch to the aperture of Perse s. s., not seen on the species of the 
other group; (4) the protoconch on Perse s. s., as represented by Perse washingtoniana 
and Perse lincolnensis, is much smaller and the adult sculpturing extends much farther 
posteriorly than on the Perse sinuata group. 


Perse markleyensis, n. sp. 
(Plate 2, figures 13, 14, 17, 18, 19, 20, 21, 22, 27, 28) 


Shell fusitorm with a moderately high and acute spire; first two nuclear whorls 
smooth, the third barely showing the longitudinal sculpturing; number of whorls six, 
sutures appressed; surface of shell sculptured by narrow, thread-like spiral ribs, with 
interspaces on the body whorl slightly wider than the width of the ribs. Anteriorly, 
there is a finer interrib in each interspace; this is also true of the area next to the 
suture; there are about 27 of the major spiral ribs on the body whorl and about 
eight on the first whorl of the spire; here the ribs are more closely spaced than on the 
body whorl; this appears to be due to the fact that the secondary ribbing has become 
as strong as the primary. Surface also sculptured by a fairly heavy, rounded, longi- 
tudinal ribbing. On the whorls of the spire these ribs cross from suture to suture, 
but on the body whorl they extend only a little less than half way to the anterior 
end; the number of longitudinal ribs increases in going from the anterior to the 
posterior whorls; there are eight of these ribs on the body whorl, twelve on the next 
whorl, and about fourteen on the whorl posterior to that. Aperture elongate ovate 
(outer lip broken on the holotype); inner lip without a callus, the spiral ribs ex- 
tending on to it. Canal fairly long, slightly reflexed. Dimensions: holotype 30863, 
height 25.0 mm., height of aperture 18.0 mm., greatest width of body whorl about 
11.0 mm. 

This species is variable, and in the collection at hand from locality A1297 there are 
several distinct variants. The above description is based upon the holotype (PI. 2, 
fig. 27). 

Figures 13, 14, 19, and 27 (Pl. 2) represent specimens which may be included as 
being typical. These forms, of all the variants from the Markley formation, are 
more nearly like the typical Perse sinwata (Gabb), common in the deposits of the 
type Tejon; none of the Markley specimens, however, was found to be identical with 
the Tejon species, the type of which has been refigured by Stewart (1927, p. 401, pl. 
29, figs. 6, 17). The shell of the typical form of P. markleyensis, n. sp., is somewhat 
more slender than that of P. sinuata; on the latter, the secondary ribbing is well 
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developed on the body whorl; on the former, it is not; specimens similar to the 
typical form of P. markleyensis, n. sp., are found in the Lower Cowlitz at locality 
7161. These are associated with other variants which have not been found in Cali- 
fornia. Among the specimens at hand from the Markley formation, there are three 
other distinct variants which have been named: the first is variety nudacostata, the 
second variety collarus, and the third variety subangulata. 


Perse markleyensis nudacostata, n. var. 


This variety may be distinguished from the typical variant of P. markleyensis by 
the fact that: (1) the spire is somewhat higher; (2) the longitudinal ribbing is 
obsolete or nearly so; (3) the secondary spiral ribbing over a large part of the shell 
is as strong as the primary, giving the shell the appearance of having a greater 
number of ribs. On some of the specimens of this variety (30862, Pl. 2, figs. 17, 18), 
the longitudinal ribs are faintly developed on the penultimate whorl of the spire 
and there is a slight suggestion of this ribbing on the whorls anterior to it. Dimen- 
sions: paratype 30862, height 28 mm., height of body whorl, 18.5 mm.; paratype 
30867, height (anterior end of canal broken) about 33.0 mm., greatest width of body 
whorl about 140 mm. This variety has not been recognized in any of the collec- 
tions outside the type locality. 


Perse markleyensis collarus, n. var. 


This variant is distinguished from the typical form by the fact that: (1) it has 
a somewhat higher spire; (2) the suture is more strongly appressed, resulting in a 
rather strong sutural band or collar; (3) the most distinctive character is that the 
longitudinal ribs on the body whorl do not increase in number from the anterior 
to the posterior, as on the typical form, but decrease; thus, on the specimen of 
this variant here figured (paratype 30868, Pl. 2, fig. 28), there are fourteen of these 
ribs on the body whorl, ten on the whorl next to it, and only eight on the whorl 
posterior to that; (4) the secondary spiral ribs are well developed on the entire 
body whorl, but on the holotype of the species, they are obsolete near the middle 
of the body whorl; (5) there are a greater number of these spiral ribs on the body 
whorl; thus, on the variant, there are fourteen of the major spiral ribs on the 
anterior whorl of the spire, whereas there are only eight or nine on the typical 
form. The canal and aperture on the specimen of the variant here figured are 
broken. Specimens referable to this variety are found in the Lower Cowlitz of 
Washington, locality 7170. 


Perse markleyensis subangulata, n. var. 


This variety is represented by two specimens in the collections at hand, both 
poorly preserved. It may be distinguished from the typical form and from the 
other variants by the fact that: (1) the longitudinal ribs on the body whorl form 
elongate nodes, giving a subangulated appearance to the whorl; (2) these ribs are 
obsolete on a fairly wide space immediately below the suture, and disappear rapidly 
on the body whorl; (3) the surface of the body whorl is more strongly depressed 
anteriorly at the beginning of the canal. There are fourteen elongate nodes on the 
body whorl; on the anterior whorl of the spire there are about ten longitudinal 
ribs which reach from suture to suture. Dimensions: paratype 30865 (pl. 2, fig. 22), 
height (apex and anterior end of canal broken) about 37.0 mm., greatest width of 
body whorl about 19.0 mm. 
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Perse tuberculatum, n. sp. 
(Plate 2, figures 28, 24, 30, 31) 


Shell medium in size, with an acute apex; number of whorls seven; on the body 
whorl, a moderately appressed sutural collar which becomes less and less prominent 
on the succeeding posterior whorls; shell sculptured by a series of spiral riblets 
which on the body whorl and on the whorls of the spire alternate in three sets; 
between each primary riblet there are one secondary and two tertiary riblets: the 
tertiary riblets tend to become obsolete near the anterior end of the body whorl, 
where, on the holotype, there are thirteen or fifteen of the primary sets; surface 
also sculptured by a series of prominent, rounded, longitudinal ribs which, on the 
early whorls of the spire (not including the nuclear whorls which are smooth), extend 
from suture to suture; on the body whorl for a short distance on the appressed 
sutural area they are obsolete, but on the main portion of the whorl they are well 
developed to a point a little below the middle of the whorl, anterior to which they 
disappear; on the body whorl of the holotype there are twelve of the longitudinal 
ribs, with the same number on the whorls of the spire. At the point of junction be- 
tween the longitudinal ribs and the primary set of spiral riblets a series of nodes is 
well developed only on the middle of the body whorl and on the lower portion 
of the penultimate whorl. Aperture elongate ovate; outer lip thin, inner lip covered 
by a thin callus. Canal fairly long and straight as seen from the rear; from the 
front it is slightly flexed to the left near the anterior end. Dimensions: holotype 
30866, height 40.0 mm., height of body whorl 26.0 mm., greatest width of body 
whorl 18.8 mm.; paratype 30864 (an immature specimen), height 23.0 mm., height 
of body whorl 14.4 mm., greatest width of body whorl 10.0 mm. 

The outline of this species is fairly close to that of Perse markleyensis, n. sp. The 
following are the most important differences between the two: the spiral sculpturing 
differs in that there are only two sets of spiral riblets on the latter, whereas there 
are three on P. tuberculatum; there are no tubercles on P. markleyensis as are found 
on P. tuberculatum; there is more of a curvature of the canal of P. markleyensis 
that on P. tuberculatum. Another distinguishing feature is the presence of a callus 
on the inner lip of P. tuberculatum, lacking on the other species. 


Family FASCIOLARIIDAE 
Genus Fusinus Rafinesque, 1815 


Type (monotype of Fusus (Brugiére) Lamarck, 1799, not Hebling, 1779, for which 
Fusinus is a substitute name), Murex colus Linné. Recent, Indo-Pacific 


Fusinus (?) markleyensis, n. sp. 
(Plate 2, figure 33) 


Shell with seven or eight whorls which are rather strongly convex (apex broken) ; 
sutures strongly appressed, bordered by a crenulated collar-like band; surface sculp- 
tured by a series of spiral ribs; on the two anterior whorls of the spire there are 
five of these ribs, the middle three of which are the most prominent; there are 
fourteen of the spiral ribs on the body whorl down to the broken end of the canal. 
Surface also sculptured by heavy, rounded, longitudinal ribs which, on the whorls 
of the spire, extend from the sutural band entirely across the whorls; these extend 
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well down on the body whorl and rather abruptly become more prominent a little 
below the suture, forming a subangulation on this portion of the whorl. Outer lip 
thin; inner lip smooth and covered by a thin wash of callus. Anterior end of the 
canal broken. Dimensions: helotype 30871, height of broken specimen about 16 
mm., greatest width of body whorl, 9 mm. 

This species is founded upon one specimen in the collections from locality A1298. 
Because the canal is broken, the generic determination is questioned. There is 
nothing described from the West Coast species that resembles it very closely; and 
the form is so distinctive that it seems worthy of a specific name, even though the 
genus is in question. 

Genus Latirus Montfort, 1810 


Type (by original designation), Latirus aurantiacus Montfort (= Murezx filosus 
Lamarck = Murex gibulus Gmelin). Recent, Australia 


Latirus kirbyt, n. sp. 
(Plate 4, figures 11, 12, 16, 17, 18, 23, 24, 25) 


Shell fairly heavy with a moderately high spire; number of whorls six (apex 
broken); body whorl and the two anterior whorls of the spire subangulate; on the 
latter two, this subangulation comes near the middle of the whorl; on the three 
anterior whorls of the shell there is a fairly heavy sutural band or collar. Surface 
of body whorl sculptured by ten fairly heavy, rounded longitudinal ribs which fade 
out anteriorly a little below the middle of the whorl; on the whorls of the spire, 
these cross from suture to suture; surface also sculptured by a series of thread-like 
spiral ribs of which there are 26 on the body whorl; near the middle of this whorl, 
they alternate as primary and secondary riblets; on the canal, the primary ribs 
become coarser and the secondary riblets are not well developed; on the penulti- 
mate whorl there are eleven or twelve spiral ribs which show the same type of alter- 
nation as seen on the body whorl; those above the angulation are finer than those 
below, and there is no alternation in strength. Aperture subovate; outer lip thin; 
inner lip smooth with a thin wash of callus; canal short, straight, a fairly well 
defined notch in the posterior angle of the aperture; umbilicus imperforate. Dimen- 
sions: holotype 12464, height 22.4 mm.; paratype 12466, height 19.8 mm.; paratype 
12465, height 19.0 mm.; paratype 12467, height 18.1 mm. 

This description is based upon the holotype. As will be noted from the other 
specimens here figured, there is a fairly large variation in the outline of the species; 
also, there is considerable difference in the degree of angulations on the whorls. 
Two of the specimens show a well-defined subperforate umbilicus, and one of them 
(12465) shows three fairly well developed plications on the otherwise-smooth colu- 
mella. This character, together with the short, straight canal, the sculpturing, and 
the appressed suture, places the species, with very little doubt, in the genus Latirus, 
which during the early and middle Tertiary had a fairly wide distribution. The 
species is fairly similar to the type of the genus, which is living off the coast of 
Australia. 

The species is unique for the Pacific Coast Eocene. Anderson and Hanna (1925, 
p. 64-65), in their paper on the type Tejon Eocene, referred two of Gabb’s species 
to the genus Latirus, Fasciolaria sinuata Gabb and Tritonium whitneyii Gabb. 
Stewart (1927, p. 387, 401) referred the former species to his new genus Whitneyella, 
which is equivalent to Perse Clark (see discussion of the genus Perse), and the latter 
species to the genus Murez. 
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Family TURRIDAE 
Genus Nekewis Stewart, 1927 


Type (by original designation), “Fasciolaria’ washingtonensis Weaver. Cowlitz 
Eocene, Washington 


Nekewis to (Gabb) 
(Plate 2, figures 25, 26) 
Fasciolaria ? io Gass, Pal. Calif., vol. 1 (1864) p. 101, pl. 28, fig. 214. 
Fasciolaria io Gass, Pal. Calif, vol. 2 (1869) p. 220. 
Surcula to _o Dicksnson, Calif. Acad. Sci, Pr., 4th ser., vol. 5, no. 3 (1915) p. 
10, fig. 11 
hve? abb), ANbeRSON and Hanna, Calif. Acad. Sci., Occ. Papers, vol. 11 (1925) 
p. 88, pl. i, fig. 11. 
Surcula toformes ANDERSON and Hanna, Calif. Acad. Sci., Oce. Papers, vol. 11 (1925) 
p. 89, pl. 12, figs. 3, 7. 
Surcula alizensts ANDERSON and ey Calif. Acad. Sci., Occ. Papers, vol. 11 (1925) 
p. 89-90, pl. 12, figs. 2, 
Nekewis ne (Gabb), Srewarr, Philadelphia Acad. Nat. Sci., Pr., vol. 78 (1927) p. 421, 

This by several specimens which come within the range of 
variation of the specimens of Nekewis ic (Gabb), the type locality of which is the 
Tejon of Grapevine Canyon, at the south end of the San Joaquin Valley. Dimen- 
sions: hypotype 30870, height 26 mm., height of aperture about 15.0 mm. 


Genus Turricula Schumacher, 1817 
Type (by monotypy), Turricula fammea Schumacher = Murex javanus Chemnitz not 
Linné, = Murex tornatus Dillwyn, not Turris tornatum Bolten. Recent, East 
Indies. 
Turricula cf. uvasana (Dickerson) 
(Plate 2, figure 29) 
Surcula uvasana Dickerson, Calif. Acad. Sci., Pr., 4th ser., vol. 5, no. 3 (1915) p. 71, 
pl. 10, fig. 10 
One imperfect specimen of a Turricula was found at locality A1297. It is un- 
doubtedly closely related to, if not identical with, Turricula uvasana (Dickerson). 
Dickerson’s species came from the type section of the Tejon. Dimensions: hypo- 
type 30872, height (incomplete) 18.0 mm. 


Family CONIDAE 


Genus Conus Linné, 1758 


Type (by subsequent designation, Children, 1823), Conus marmoreus Linné. Re- 
cent, Indo-Pacific 


Subgenus Hemiconus Cossman, 1889 
Type (by original designation), Conus stromboides Lamarck. Eocene, Paris Basin 


Conus (Hemiconus) aegilops Anderson and Hanna 
(Plate 3, figure 22) 
Conus aegilops ANpErsON and Hanna, Calif. Acad. Sci., Occ. Papers, vol. 11 (1925) 
p. 97, pl. 13, figs. 5, 6. 
Two specimens referable to Conus aegilops were found in the collection from A1297. 
Dimensions: hypotype 30894, height 14.0 mm., width 5.8 mm. 
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1 
FOSSILS FROM THE MARKLEY FORMATION 


Figures 1, 6, 10, 13, 18—Glycymeris eocenica (Weaver). X1. (p. 693.) (1) Hypo- 
type 30860. (6) Hypotype 30861. (10, 18) Hypotype 30855. (13) Hypo- 


type 30857. 

Figures 2, 5, 7, 9, 11, 25.—Crassatellites (Eucrassatella) weaveri,n. sp. X1. (p. 694.) 
(2) Paratype 30829 (outline restored). (5, 7) Paratype 30828. (5) Hinge 
line. (9) Paratype 30847. (11) Holotype 30831. (25) Paratype 30830. 

Figures 3, 15, 28—Corbicula arnoldi, n. sp. 1. (p. 697.) (3) Paratype 30859. 
(15) Holotype 30848. (28) Paratype 30853. 

Figures 4, 8, 12, 19, 24—Corbicula oldroydi, n. sp. X1. (p. 698.) (4, 19) Holotype 
30851. (8, 24) Paratype 30850. (12) Paratype 30849. 

Figures 14, 26, 27, 29—Myadesma eocenica, n. sp. X1. (p. 698.) (14) Paratype 
30838. (26, 29) Holotype 30836. (27) Paratype 30837. 

Figures 16, 20, 23—Ostrea, n. sp. (?). X1. (p. 693.) (16, 20) Hypotype 30832. 
(23) Hypotype 30835. 

Figure 17—Corbula (Caryocorbula) dickersoni Weaver and Palmer. (p. 700.) Hypo- 
type 30839. X 1. 

Figures 21, 22—Yoldia markleyensis, n. sp. 1. (p. 692.) (21) Holotype 30833. 
(22) Paratype 30834. 

All figures from the University of California Museum of Paleontology invertebrate 
collection, locality A1297. 
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Figures 1, 6, 7—Mactra (Spisula) markleyensis, n. sp. (p. 699.) (1) Paratype 30858. 
X 2. (6) Holotype 30852. <1. (7) Paratype 30854. x1. 

Figures 2, 8—Lucina (Here) aff. taffana (Dickerson). 2. (p. 697.) (2) Hypo- 
type 30840 (outline restored). (8) Hypotype 30840. 

Figures 3, 4, 5—Lucina (Here) hannai, n. sp. (p. 696.) (3) Paratype 30842. <1. 
(4, 5) Holotype 30841. (4) «1. (5) 2. 

Figures 9, 10, 11, 12, 15, 16—Venericardia (Venericor) cf. clarki Weaver and Palmer. 
X1. (p. 695.) (9, 15) Hypotype 30846. (9) Hinge line. (10, 12) Hy- 
potype 30844. (10) Hinge line. (11) Hypotype 30843 (outline restored). 
(16) Hypotype 30845. 

Figures 13, 14, 19, 27-—Perse markleyensis s.s.,n. sp. 1. (p. 719.) (13) Para- 
type 30682. (14) Paratype 30869. (19) Paratype 30681. (27) Holo- 
type 30863. 

Figures 17, 18, 20, 21—Perse markleyensis nudacostata, n. var. X 1. (p. 719.) 
(17, 18) Paratype 30862. (20, 21) Paratype 30867. 

Figure 22—Perse markleyensis subangulata, n. var. (p. 719.) Paratype 30865. X 1. 

Figures 23, 24, 30, 31—Perse tuberculatum, n. sp. X1. (p. 721.) (23, 24) Para- 
type 30864. (30, 31) Holotype 30866. 

Figures 25, 26—Nekewis io (Gabb). (p. 723.) Hypotype 30870. x 1. 

Figure 28—Perse markleyensis collarus, n. var. (p. 719.) Paratype 30868. x1. 

Figure 29—Turricula cf. uvasana (Dickerson). (p. 723.) Hypotype 30872. X 2. 

Figure 32—Gyrineum kewi (Dickerson). (p. 717.) Hypotype 30878. x 1. 

Figure 33—Fusinus (?) markleyensis, n. sp. (p. 721.) Holotype 30871. X 2. 

All figures from the University of California Museum of Paleontology invertebrate 
collection, locality A1297. 
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Piate 3 
FOSSILS FROM THE MARKLEY FORMATION 


Figures 1, 7—Ficopsis cowlitzensis (Weaver). (p. 709.) Hypotype 30873. x 1. 

Figures 2, 3, 4—Benoistia californica, n. sp. X1. (p. 708.) (2, 4) Paratype 30895. 
(3) Holotype 30896. 

Figures 5, 6, en iD ten blakei (Conrad). X1. (p. 718.) (5, 12) Hypo- 

pe 30874. (6) Hypotype 30875. 

Figures 8, 9. "13 —Elimia dickersoni, n. sp. X1. (p. 707.) (8) Paratype 30885. 
(9) Paratype 30883. (13) Holotype 30844. 

Figures 10, 11, 14, 15, 16,17,18,19—Siphonalia (Austrofusus) bicarinata Dickerson 
subsp. crooki, n. subsp. 1. (p. 711.) (10, 15) Paratype 30897. (11, 
16) Paratype 12461. (14, 19) Paratype 12462. (17, 18) Holotype 30899. 

Figures 20, 33, 34—Elmia schencki, n. sp. X2. (p. 708.) (20) Paratype 30881. 
(33) Holotype 30876. (34) Paratype 30877. 

Figures 21, 25.—Urosalpinz kirbyi, n. sp. (p. 716.) Holotype 30879. x 1. 

Figure 22. —Conus (H Saas aegilops Anderson and Hanna. (p. 723.) Hypotype 


X 2. 
Figures 23, 25—Cantharus (Endopachychilus) suturalis, n. sp. (p. 714.) Holotype 


x1 

Figures 24, a0 Thien (Melanoides) markleyensis, n. sp. X 2. (p. 706.) (24) Holo- 
type 30891. (30) Paratype 30892. 

Figures 26, 27 yen everita secta Gabb subsp. hemisecta, n. subsp. (p. 702.) Paratype 
30488. x1. Loc. A1298. 

Figure 29—Turnitella uvasana Conrad. (p. 705.) Hypotype 30887. x 1. 

Fue 31, 36—Thiara (Melanoides) calafi, n. sp. X2. (p. 705.) (31) Holotype 
30886. (36) Paratype 30880. 

Figures 32, 37—Sinum obliquum (Gabb). (p. 704.) Hypotype 12478. X 2. 

Figure 35.—Elimia (?) n. sp. (p. 707.) Hypotype 30882. x2. Loc. A1298. 

All figures from the University of California Museum of Paleontology invertebrate 
collection, locality A1297, unless otherwise indicated. 
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Puate 4 
FOSSILS FROM THE MARKLEY FORMATION 


Figures 1, 2—Nerita crooki, n. sp. (p. 700.) 30893. 1 

Figures 3, 4—Pseudoliva kirby, n. sp. X2. (p. 709.) (3) Holotype 12476. (4) 
Paratype 12477. 

Figures 5, 13—Cantharus (Calicantharus) californicus, n. sp. (p. 712.) Holotype 
12468. 2. 


x 

Figure 6—WNerita, n. sp. (p. 701.) Hypotype 30490. x 2. 

Figures 7, 8, 9, 10—Cantharus (Eocantharus) cowlitzensis, n. sp. et (p. 714.) 
(7, 8) Paratype 30890. (9, 10) Holotype 30889, Loc. A154 

Figures 11, 12, 16, 17, 18, 23, 24, 25.—Latirus kirbyt, n. sp. X1. (p. 722) (11, 12) 
Paratype 12466. (16, 17) Paratype 12467. us. 25) i 12464. 
(23, 24) Paratype 12465. 

Figures 14, 37, 43, 45, 46—Molopophorus crooki, n. sp. X 1. (p. 715.) (14) Paratype 
30742. (37,43) Holotype 30746. (45,46) Paratype 30747. 

Figures 15, 22—Polinices clementensis (Hanna). (p. 703.) Hypotype 12479. x 2. 

Figure 19—Crepidula (Spiroerypta) pileum (Gabb). (p. 701.) Hypotype 30471. X 1. 

Figures 20, 21, 27, 28, 34, 35, 40, 44——Pseudoliva markleyensis, n. sp. 1. (p. 710.) 
(20, 27) Paratype 12473. (21, 28) Paratype 12474. (34, 35) Paratype 
12475. (40, 44) Holotype 12472. 

Figures 26, 31 —Polinices nuctformis (Gabb). (p. 703.) Hypotype 12480. x 1. 

Figures 29, 30, 32, 33-—Neverita secta Gabb subsp. hemisecta, n. subsp. X 1. (p. 702.) 
(29, 32) Paratype 12481. Loc. A1298. (30, 33) Holotype 12482. 

Figures 36, 41 —Polinices (Euspira) hotsoni Weaver and Palmer. (p. 703.) Hypo- 
type 30489. 1. 

Figures 38, 39, 47—-Molopophorus tejonensis Dickerson. 2. (p. 715.) (38, 39) 
Hypotype 12470. (47) Hypotype 12471. 

Figure 42—Turritella buwaldana Dickerson, n. subsp. (p. 704.) Hypotype 30888. 

All figures from the University of California Museum of Paleontology invertebrate 
collection, locality A1297, unless otherwise indicated. 
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INTRODUCTION 


PURPOSE OF WORK 


To determine the nature, date, and relative intensity of the earth move- 
ments that made up the Laramide orogenic revolution, it is necessary to 
ascertain the nature and sequence of the movements that took place 
within a particular, typical, Cordilleran structural unit, such as the Big 
Horn Basin plus its border ranges. After these factors are known for a 
typical structural unit, they help to make more readily ascertainable how 
the series of tectonic happenings in the various Cordilleran intermontane 
basins were related in space, time, and intensity. 

Because of the importance of these objectives, a group of geologists 
have been collaborating in the Yellowstone-Bighorn region in an en- 
deavor to determine the nature of the earth processes responsible for the 
physical evolution of that region, and the stages by which its evolu- 
tionary development was accomplished. 

Specifically, the writer’s particular share in the Big Horn Basin re- 
search program has been, to date, to see what important geological evi- 
dence could be obtained through the study of the heavy minerals con- 
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tained in the clastic continental deposits which accumulated in the Big 
Horn Basin depression during the Cretaceous-Eocene transition period. 

It has long been known that marked angular unconformities (expres- 
sive of strong differential elevations of the basin rims) separated the 
Lance and Fort Union formations (Fisher, 1906; Hewett, 1920; Thom, 
1924), and the Fort Union and Wasatch, in exposures near the margins 
of the Big Horn Basin. It has been suggested that a similar, but less 
intense, earth movement had perhaps occurred in post-Lennep, pre-Lance 
time (Thom and Dobbin, 1924, p. 498-499). Moreover, wherever the 
Lance, Fort Union, and Wasatch formations had been traced continu- 
ously along their outcrops, they had appeared to show persistent mega- 
scopic lithologic characteristics by which they could be recognized and 
separated. It was considered highly important to ascertain whether the 
stratigraphic subdivisions as thus mapped were or were not stratigraphi- 
cally consistent with the limits of the members and formations as placed 
in the central part of the basin, where various strata have yielded impor- 
tant successions of vertebrate faunas and extensive collections of fossil 
plants and fresh-water invertebrates. 

Consequently, this work was begun with several objectives: First, to 
see whether a microscopic study of the clastic sediments comprising the 
Lance, Fort Union, and Wasatch would reveal a stratigraphic zoning of 
diagnostic heavy minerals within outcrops whose age and sequence had 
already been determined on fossil evidence; second, to see whether such 
mineral zones as could be thus established would prove to be continuous 
along the strike, from one fossil locality to the next, and also whether 
they could be tied in stratigraphically with the angular unconformities 
featuring the basin’s margins; and third, whether particular minerals, 
found to be characteristic of certain basin-fill formations, could be so 
traced to their parent sources in the crystalline and volcanic rocks ex- 
posed around the basin’s margins as to show, indirectly but conclusively, 
both the times at which differential uplift of the basin rims had occurred, 
and the relative amounts of uplift which had resulted from each of the 
several orogenic movements recognized. 
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Dr. L. S. Russell, of the Geological Survey of Canada, reported on the 
stratigraphic position of several collections of invertebrate fossils, and 
Proiessor Glenn L. Jepsen, of Princeton University, determined the strati- 
graphic position of formations from which vertebrate fossils were ob- 
tained. Specimens of volcanic rocks from adjacent areas were supplied 
by Dr. John T. Rouse, of Ohio State University; a specimen of eulysite 
from the Beartooth Plateau was furnished by Dr. Harry Hess, of Prince- 
ton. Professor Charles W. Wilson, of Vanderbilt University, contributed 
information concerning the stratigraphy in the vicinity of Roscoe and 
Luther, Montana. Students from ‘Vashington and Lee University, 
Princeton, and Bryn Mawr gave service as field assistants. 

Laboratory facilities and petrographic materials were available at the 
Department of Geology of Washington and Lee University. 


LOCATION OF AREA 


The area studied is in the Big Horn Basin which covers parts of south- 
central Montana and of north-central Wyoming and lies between the 
Beartooth Mountains on the west and the Big Horn Mountains on the 
east. The maps (Pls. 1 and 2) serve to delimit the area in detail. 


FIELD METHODS 


Reconnaissance examination of the entire area and careful examination 
of the vertebrate faunal zones were made at the outset in order to reveal 
the stratigraphic and chronologic relationships of the various lithologic 
units. Adjacent areas previously mapped were also studied. After this 
preliminary work, the lithologic units were mapped by plane-table, and 
specimens were collected for microscopic examination. 

In sedimentary petrologic work the careful collection of material in the 
field for examination in the laboratory is obviously of fundamental im- 
portance. In this particular problem, it was essential that the relative 
stratigraphic position of each sample be known. Accordingly, specimens 
were obtained first from units yielding known vertebrate and inverte- 
brate faunas and from adjacent areas previously mapped. 

One complete section was measured by plane table and alidade, from 
the base of the Hell Creek, through the Tongue River, into the Wasatch, 
and specimens were collected along this line of section; other specimens 
obtained nearby were also referred to it. The units measured were ex- 
amined carefully for fossils which could be used to determine the geologic 
age and correlation of the beds traversed. 

The section from the bottom of the Hell Creek to the top of the Tullock 
is shown on Plate 1 by the line B-B’, and that from the top of the Tullock 
into the Wasatch by the line A-A’. Detailed descriptions and thickness 
of the section appear in succeeding paragraphs. 
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Along the Shoshone River, east of Cody, Wyoming, additional litho- 
logic specimens were collected from the section measured and described 
by Hewett (1914, p. 105-106), and in the northern part of the area other 
specimens were collected, both from formations adjoining the map of 
Knappen and Moulton (1931) and in the vicinity of Roscoe and Luther, 
Montana, from the area mapped by Wilson (1936, p. 1161-1188). 

Sandstone samples for petrographic examination were collected to rep- 
resent typical material of the outcrop. Two or three pounds of small, 
unweathered chips were obtained from an exposure several yards square. 
About 375 specimens were thus collected, and 300 of them were exam- 
ined. The localities from which these specimens were obtained are rep- 
resented on the maps (Pls. 1 and 2) by an “XX” with a number. 


STRATIGRAPHY 
NOMENCLATURE 
The results of this investigation do not settle the question of the 
boundary between the Mesozoic and the Cenozoic, but they contribute 
additional information leading toward such a solution. For present pur- 
poses the following stratigraphic nomenclature will be used, other termi- 
nology and usages notwithstanding. 


Era Period Epoch Formation Member 


Eocene Wasatch 


Cenozoic Fort Union 


Tullock 
Mesozoic Cretaceous Upper Cretaceous Lance Hell Creel 


DESCRIPTION OF THE FORMATIONS 


Hell Creek Member of the Lance.—The base of the Hell Creek member 
of the Lance formation is placed at the bottom of the first bed of gray 
shale and mudstone overlying the dark brown, hard, concretionary, an- 
desitic sandstone forming the top of the Lennep, as described by Knap- 
pen and Moulton (1931, p. 48-50). The Hell Creek beds are predomi- 
nantly gray and greenish gray shale and mudstone, weathering to clay, 
with thin lenticular, yellow-brown fluviatile sandstones. 


Tullock Member of the Lance.—The base of the Tullock member of 
the Lance is mapped as the lowest continuous, massive sandstone above 
the gray shale of the Hell Creek beds. The Tullock consists of massive 
cross-bedded, yellow-brown sandstones with thinner beds of gray shale 
and mudstone. This member usually forms a prominent escarpment. At 
Polecat Dome (T. 56 N., R. 99 W., Wyoming) “Ceratopsian” dinosaur 
bones have been found in the Hell Creek and in the Tullock up to within 
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a few feet of the base of a prominent, massive, yellow-brown sandstone, 
whence Jepsen (1930, p. 480-484) has obtained and described a mam- 
malian fauna of Puerco (Fort Union, Paleocene) genera. Both members 
of the Lance have been traced lithologically and mapped continuously 
from previously known outcrops at Columbus and Bridger, Montana 
(Knappen and Moulton, 1931) to Jepsen’s (1930, p. 480-484) fossil lo- 
cality already referred to. Hence, if the presence of “Ceratopsian” dino- 
saurs is considered as the criterion of Cretaceous age, the Hell Creek and 
Tullock members of the Lance formation must both belong in the Cre- 
taceous. The prominent sandstone, from which the fauna of Puerco 
genera has been obtained, is lenticular, thinning northeastward and south- 
westward from Polecat Dome. In the Polecat Dome area, the top of the 
Tullock is mapped at the base of this sandstone. Elsewhere, because of 
the local lenticular character of this fossiliferous sandstone, and because 
of lack of evidence elsewhere of the position of this Puerco faunal zone, 
the top of the Tullock is mapped at the top of the uppermost massive, 
continuous sandstone, directly underlying the somber beds of the Lebo, 
which may either be equivalent to the sandstone lens yielding the Puerco 
fauna, or may directly underlie it. 


Lebo Member of the Fort Union—The bottom of the Lebo member 
of the Fort Union is placed at the base of the thick, somber shale series 
overlying the massive sandstone already described except in the vicinity 
of Polecat Dome where the boundary between the Lance and the Fort 
Union is sharply marked faunally. The Lebo consists primarily of som- 
ber, olive-gray, black, and purplish shale and mudstone weathering to 
clay. Interbedded are carbonaceous shales, thin-bedded sandstones, 
layers of dark red-brown ferruginous concretions, and thin yellow, fresh- 
water, argillaceous limestones. In general, the Lebo becomes more sandy 
as the top is approached. Apparently there is no sharp lithologic change 
between the Lebo and the Tongue River member of the Fort Union. 
For mapping purposes the boundary between the Lebo and the over- 
lying Tongue River has been placed where the beds become predomi- 
nantly sandstone. 


Tongue River Member of the Fort Union.—The Tongue River con- 
sists of massive, cross-bedded sandstones, many of which are white when 
fresh, but weather to yellow-brown. Interbedded with these are beds of 
gray shale and numerous carbonaceous beds, including some thick beds of 
coal. Yellow, argillaceous, fresh-water limestones are common and many 
of them contain numerous invertebrate fossils. 


Wasatch—tThe base of the Wasatch is placed at the bottom of the 
lowest persistent conglomerate. This formation consists of massive, 
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yellow, cross-bedded and coarse-grained, lenticular sandstones, dis- 
tinctly more yellow and coaser grained than those of the Tongue River. 
Interbedded with these are beds of conglomerate containing rounded 
pebbles of granite, quartzite, porphyry, and limestone, ranging from 
one-quarter inch to four inches in diameter. Beds of gray and red- 
banded shale, carbonaceous shale, and coal are also present. The top 
of the Wasatch is not present in the region under investigation. 


VARIATIONS IN THICKNESS 


Although differing in detail locally, the general lithology of each 
formation is surprisingly constant throughout the entire area. However, 
changes in thickness are evident within short distances. The difference 
between a section measured by Wilson (1936, p. 1161-1188) at Roscoe, 
Montana, and the section measured along the lines A-A’ and B-B’ (Pl. 1), 
near Red Lodge, Montana, is most striking. In the Roscoe section, the Hell 
Creek member is about 1,000 feet thick and the Tullock 350 (Wilson, 
1936, p. 1161-1188). The Lebo is 250 feet thick, and very little of the 
Tongue River is present. In contrast with these measurements, those 
of the section A-A’ and B-B’ are: Hell Creek 173 feet, Tullock 340 
feet, Lebo 3,493 feet, and Tongue River 4,281 feet. In addition, about 
800 feet of Wasatch is present. 

A section measured west of Elk Basin, Wyoming, showed a thickness 
of 1,200 feet for the Lebo. Measurements at Polecat Dome, southeast 
of Elk Basin, line C-C’ (Pl. 2), gave a thickness of 281 feet of Hell Creek 
and 266 feet of Tullock. 


DETAILED STRATIGRAPHIC SECTION 


Section of Upper Cretaceous, Paleocene, and Eocene rocks measured near Red 
Lodge, Carbon County, Montana (Pl. 1, A-A’, B-B’) 


Quaternary 
Alluvium 
Tertiary System Thickness Spee. 
Eocene Series (feet) no.* 
Sandstone, chocolate-brown 
Sandstone, cross-bedded, chocolate-brown.................. 10 
Sandstone and shale, yellow-brown and sandy soil.......... 12 47 
Sandstone, cross-bedded, and gray, sandy shale and soil...... 88 
Cover, sandy, sandstone and sandy shale.................. 155 


* Specimen numbers correspond to locality numbers on map and sample numbers on figures in tables. 
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Sandstone, yellow 
Sandstone, sandy shale, and soil 
Sandstone, yellow 
Shale, carbonaceous 
Sandstone, cross-bedded, massive spheroidal-weathering, yel- 
low, several beds of conglomerate at bottom, some plant 
fragments, some limonite concretions 
Sandstone, yellow and brown, and gray carbonaceous shale. . 
Sandstone, cross-bedded, thin-bedded, gray and brown 
Shale, gray 
Sandstone, cross-bedded, thin-bedded, gray 
Clay, gray 
Sandstone, cross-bedded, white, weathers brown 
Sandstone, yellow 
Conglomerate 
Paleocene Series 
Fort Union Formation 
Tongue River Member 
Sandstone, yellow-brown and gray, sandy shale 
Sandstone, cross-bedded, thin-bedded, gray 
Shale, sandy, yellow, with carbonaceous beds 
Sandstone, cross-bedded, thin-bedded, yellow 
Shale, sandy, gray, with carbonaceous beds 
Shale, sandy, gray 
Sandstone, cross-bedded, thin-bedded, brown 
Clay, white, weathering from gray sandy shale, a few thin 
beds of gray sandstone 
Sandstone, cross-bedded, thin-bedded, gray, weathers brown 
Shale, gray 
Sandstone, white 
Sandstone, thin-bedded, gray, and gray shales 
Sandstone, thin-bedded, white, weathers brown 
Shale, gray, and thin-bedded brown sandstones with several 
thin beds of coal 
Sandstone, cross-bedded, thin-bedded, massive at base, 
white and yellow-brown 
Shale, gray, and yellow-brown sandstone, some carbona- 


ceous beds 


Sandstone, white 

Shale, carbonaceous 

Sandstone, thin-bedded, brown 

Shale and sandstone, gray 

Clay, gray, with many fragments of petrified wood 
Sandstone, brown 

Shale and sandstone, gray 


4 
(feet) no.* 
10 84 
15 
50 
100 | 
10 
| 
10 41 
8 40 
2 
i 
156 
10 79 
15 
87 
: 
32 
14 
vee Sandstone, cross-bedded, massive, white, weathers choco- | 
eo Sandstone, gray and yellow-brown, with thin carbonaceous 
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Thickness Spec. 
(feet) no.* 

Shale add: gandetone, gray......... 13 
Sandstone, thin-bedded, brown ....................0+005 2 214 
Sandstone and shale, yellow.......................00000: 26 
Marl, sandy brown, mass of fossils, gastropods, and pelecy- 

Sandstone, thin-bedded, brown 5 
Sandstone, white and brown, with a few thin beds of sandy 

Sandstone, massive, white, weathers brown............... 6 
Sandstone, gray, with a few thin beds of gray shale....... 30 
Sandstone, thin-bedded, brown 3 
Shale, gray, with carbonaceous beds, and gray sandstone 

Shale, carbonaceous, gray 17 
Sandstone, white and 6 
Shale, carbonaceous, and gray...................0.e0ee08 17 
Sandstone, white and 
Shale, carbonaceous, and gray...................e00ee00 10 
Sandstone, brown and white.....................0.0eee0 9 
Shale and sandstone, gray with two thin beds of carbona- 

Sandstone, brown, with fragments of petrified wood....... 2 
Sandstone, brown, and gray shale, with two thin beds of 

Sandstone, cross-bedded, gray, weathers brown............ 2 38 
Clay, gray, a few thin, brown, sandstones................. 95 
Shale, gray, with a few thin sandstones....... See Se 134 
Sandstone, calcareous, brown 2 
Shale, gray, a few thin beds of yellow-brown sandstone and 

Shale, gray, with thin, yellow-brown sandstones........... 12 
Soil, gray clay, with 5-foot carbonaceous bed............. 53 


A 
a4 
| 
| 
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STRATIGRAPHY 
Sandy clay with numerous petrified stumps.............. 6 
Sandstone, thin-bedded, chocolate-brown ................ 6 
Shale, gray, with thin, yellow-brown sandstones.......... 8 
Shale, carbonaceous, with abundant fragments of petrified 
Shale, gray with a few thin-bedded yellow limestones. .... 18 
Soil, gray clay, somewhat sandy......................00. 83 
Shale, gray, a few thin carbonaceous beds, one thin yellow 
Sandstone, thin-bedded, yellow-brown.................... 3 
Covered, sandy clay, carbonaceous, gray................. 92 
Shale, gray, with a few thin, yellow sandstones........... 90 
Sandstone, cross-bedded, massive, brown................. 4 
Sandstone, massive, calcareous, yellow, weathers brown, 
Shale, sandy, one thin carbonaceous bed.................. 39 
Sandstone, cross-bedded, thin-bedded, calcareous, brown... 5 
Sandstone, calcareous, yellow, many “Unio” fragments.... 2 
Sandstone, massive, white, a few imperfect casts of “Unio” 5 
Shale, sandy, gray, two thin, carbonaceous beds........... 60 
Sandstone, thin-bedded, brown 5 
Covered, clay, from gray shale.............06.cceceeecees 55 
Sandstone, ripple-marked, thin-bedded, brown............ 20 
Covered, alluvium, gray clay..................eeeeeeees 497 
Sandstone, yellow-brown, sandy soil..................... 100 
Sandstone, cross-bedded, yellow-brown .................. 100 
Sandstone, cross-bedded, chocolate-brown, forms promi- 


Sandstone, cross-bedded, thin-bedded, brown, forms promi- 

Limestone, gray, weathers 
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(feet) no.* 

Covered, gray clay, with a few thin coal beds............. 40 
Covered, four exposures of yellow, calcareous sandstone, 

Covered, sandy, from sandstones and shales.............. 55 
Limestone, gray, weathers yellow........................ 2 


Covered, yellow-brown clay, from shales and limestones... 27 
Sandstone, ripple-marked, brown, forms prominent escarp- 


Limestone, red-brown, mass of invertebrate fragments.... 1 
Limestone, argillaceous, yellow-brown ................... 2 
Sandstone, cross-bedded, thin-bedded, spheroidal-weather- 

ing, yellow-brown, top of prominent escarpment........ 5 
Sandstone, massive, red-brown ...................0eee00: 10 
Sandstone and shale, yellow, brown...................... 8 
Sandstone, cross-bedded, white 2 
Sandstone, cross-bedded, brown 2 
Limestone, chocolate-brown 1 
Sandstone, cross-bedded, brown 2 
Covered, yellow clay and brown sandstones.............. 23 
Sandstone, cross-bedded, yellow-brown, weathers into pock- 

ets, forms prominent escarpment....................... 20 
Covered, sandy, two thin carbonaceous beds.............. 65 
Sandstone, thin-bedded, brown 3 

Covered, clay with a few outcrops of yellow-brown sand- 

Sandstone, calcareous, yellow ....................0000000- 2 
Sandstone, cross-bedded, brown ........................- 4 
Sandstone, cross-bedded, brown 3 


Shale, carbonaceous, and white clay ..................... 10 


by 
ig 
Thickness Spec. 
— 
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; 
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Limestone, argillaceous, yellow, a few leaf fragments...... 
Sandstone, cross-bedded, white and brown................ 
Clay, gray, with thin carbonaceous beds.................. 
Sandstone, cross-bedded, dark-brown .................... 
Sandstone, calcareous, yellow-brown 
Sandstone, thin-bedded, brown 
Sandstones and shales, calcareous, yellow-brown.......... 
Sandstone, cross-bedded, thin-bedded, red-brown.......... 
Sandstone, cross-bedded, yellow-brown and gray shales... . 
Sandstone, cross-bedded, white and brown................ 
Shale, gray, and thin-bedded, yellow-brown sandstones, a 

Shale, sandy, calcareous, a few gastropods................ 
Sandstones, thin-bedded, yellow-brown, and gray shales, a 

few thin carbonaceous 
Sandstone, thin-bedded, brown 
Sandstone, thin-bedded, brown 
Sandstone, thin-bedded, brown 
Shale, sandy, one thin carbonaceous bed................. 
Sandstone, cross-bedded, white 
Shale, sandy, containing a few yellow-brown, thin-bedded 

Mudstone, gray, one thin carbonaceous bed.............. 
Mudstone, gray, a few thin carbonaceous beds, a few thin 

Sandstone, yellow-brown, cross-bedded, a few leaf impres- 

Mudstone, gray with thin sandstones..................... 
Mudstone, gray with thin sandstones..................... 
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Thickness Spec. 
(feet) no.* 

Sandstone, cross-bedded, thin-bedded, brown............. 4 1 
Shale, sandy, yellow-brown, a few thin sandstones......... 76 
Mudstone, gray, and alluvium.......................+45. 50 
Sandstone, thin-bedded, yellow 2 
Sandstone, thin-bedded, yellow 2 
Mudstone, gray, with four thin beds of brown, limonitic 

Sandstone, cross-bedded, white, weathers brown.......... 4 
Mudstone, gray, with one 6-inch bed of brown, limonitic 

Mudstone, gray, with four thin beds of brown limonitic 

Sandstone, thin-bedded, white, weathers brown........... 4 76 
Mudstone, gray, with one olive-gray sandstone 2 feet thick 46 
Mudstone, gray, alternating with thin-bedded olive-gray 

Sandstone, thin-bedded, gray 3 
Shale, sandy, gray and thin-bedded, gray sandstones...... 352 
Sandstone, thin-bedded, white 3 
Mudstone, gray, with some thin beds of brown, limonitic 

Sandstone, cross-bedded, white, weathers brown.......... 4 
Mudstone, gray and yellow, with four beds of brown, limo- 

Sandstone, cross-bedded, white, a few leaf impressions..... 7 
Shales and thin sandstones, olive-gray................... 251 
Shales and thin sandstones, olive-gray.................... 207 
Sandstone, cross-bedded, white 3 
Sendstone, thin-bedded, olive-gray ...................... 72 
Mudstone, carbonaceous, gray, and alluvium............. 48 

Cretaceous System 
Upper Cretaceous Series 
Lance Formation 

Sandstone, thin-bedded, brown .......................00: 10 538 
Sandstone, cross-bedded, massive, yellow-brown........... 43 537 
Sandstone, massive, yellow-brown....................... 10 
Sandstone, cross-bedded, massive yellow-brown.......... 35 536 
Sandstone, cross-bedded, massive yellow-brown........... 20 


rig 
4 
| 
3 


STRATIGRAPHY 


Limestone, concretionary, red-brown .................... 
Sandstone, massive, yellow-brown 


Limestone, concretionary red-brown 


Sandstone, cross-bedded, massive yellow-brown........... 


Sandstone, thin-bedded, yellow-brown ................... 


Sandstone, yellow-brown 


Sandstone, thin-bedded, brown 


Lennep Sandstone 


PALEONTOLOGY 
INVERTEBRATE 

Invertebrate fossils were collected at several horizons along the 

measured section A-A’ and elsewhere; these were sent to L. S. Russell, of 

the Geological Survey of Canada, for identification. Localities from 

which these collections were obtained are shown on Plates 1 and 2 by the 

following numbers: 15, 36, 38, 49, 50, and 103. These fauna were all 

identified as Fort Union by Russell.t Samples of the sediments from 

which these fauna were obtained were used in the petrographic study and 
were compared with samples from nonfossiliferous beds elsewhere. 


VERTEBRATE 
Vertebrate fossils were collected from several critical localities. In 
the vicinity of Heart Mountain in Wyoming, near the locality of specimen 
113, teeth of Eohippus were found, thus affirming an Eocene age for the 
sediment. Several hundred mammalian teeth and jaws were obtained 
from T.56 N., R.102 W., and T.55 N., R.102 W. and were identified as 
Eocene in age. From the localities of specimens 392, 394, and 396, 
Wasatch vertebrate fossils had been obtained previously. 
Although no vertebrates were found along the measured sections A-A’ 
and B-B’ a large fauna of Fort Union age had been collected previously 


2L. S. Russell: personal communication. 
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from the Eagle coal mine at Bear Creek, Montana. This measured section 
passes close to the mine. 

The most important collections of vertebrate fossils in the region have 
been made at Polecat Dome and vicinity (Jepson, 1930). Detailed strati- 
graphic relationships of these are described in the sections on the lithology 
of the Tullock and the Lebo. 


MINERALOGY 
PREPARATION OF SAMPLES 


In the geological laboratory of Washington and Lee University, the 
samples collected were prepared for microscopic examination. This 
preparation followed closely the standard procedure of sedimentary 
petrography. As the investigation was carried on along qualitative and 
not quantitative lines, no attempt was made to obtain results expressed 
in exact percentages; hence, materials in the various stages of preparation 
were not weighed. However, in order to have results that could be com- 
pared quantitatively within certain limits, uniform amounts of materials 
were used for examination and were measured by approximate volumes. 


CLASSIFICATION OF DATA 
As quantitative comparisons were not attempted, grains were not 
counted. Instead, relative mineral frequencies were obtained by visual 
estimation and the results expressed by the terms flood, abundant, com- 
mon, uncommon, and rare. A mineral in a slide in such a proportion as 
greatly to outnumber all others was described as flood; one present in 
a striking amount, as abundant; in numbers sufficiently great to be readily 
found, as common; in very small amounts, yet not rare, as uncommon; 
and those in such small proportions that only two or three grains were 
present in a slide of three or four hundred, as rare. In the accompanying 
tables, only three of these designations are used; namely, abundant, 
common, and rare. For the purposes of the investigation, this more rapid 
method furnished a satisfactory means of comparison. For some samples, 
several slides were made and examined; no important differences in fre- 
quencies were noted. 
HEAVY MINERALS 
Opaque.—The opaque minerals in the slides were not studied exhaus- 
tively ; hence, they will be merely listed. Those identified were magnetite, 
ilmenite, limonite, hematite, pyrite, and leucoxene. The magnetite, 
ilmenite, and leucoxene were invariably well rounded. Limonite and 
hematite were porous, spongy masses in various shades of yellow, brown, 
and red. Pyrite was found either in euhedral crystals or as spongy 
masses. A more detailed study of these opaque minerals might reveal 
some significant relationships. 
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Nonopaque.—The following descriptions of the nonopaque heavy min- 
erals point out certain properties and variations that were found to be 
of significance in correlation. 

ANATASE was not important. It occurs sporadically, never more than 
one grain to a slide, and not more than a dozen grains were found during 
the entire investigation. The crystals were invariably sharply euhedral, 
striated laterally on the prominent bipyramid faces, and golden yellow. 

ANHypRITE was found in a few slides, but in all probability it was 
authigenic in origin. 

Apatite. Grains of apatite were found in many samples. The grains 
were invariably rounded, probably due to acid treatment, and were 
colorless. 

Barire or CerestiTe. In three slides an authigenic mineral resembling 
either barite or celestite was found. 

BiotiTe is ubiquitous. Quite likely some of the flakes classified as 
biotite are actually other closely related minerals. The biotite occurs as 
irregular “chewed” and hexagonal flakes. It varied from many shades 
of greenish brown, yellow-brown, and red-brown to almost bright “range. 
No consistency in these variations has been discovered. Apparently, all 
varieties occur in all the stratigraphic members under investigation. 

Brooxite. One grain was found in each of about six slides. 

CaRBONATES were removed from each sample by acid treatment. 

CHLorITE was found throughout the entire stratigraphic sequence from 
the basal Hell Creek to the uppermost Wasatch. It was present in various 
shades of blue-green and yellow-green. Its universal presence made it 
valueless as a diagnostic mineral. 

Diopswe was present in several heavy separates. The grains were 
colorless to pale green. 

Erworre. No important stratigraphic relationship was determined for 
epidote although it was present in most samples. The grains were pale 
yellowish green, and weakly pleochroic. Some grains were clear, others 
cloudy; some were anhedral and others euhedral. 

GaRNET, one of the most important minerals, was found in three very 
distinct varieties: one was essentially colorless; another was pale pink; 
and the third was a deep reddish brown, hereinafter referred to as red. 
It was present, in one or more of these color variations, in nearly every 
specimen examined. The grains were invariably angular, usually showing 
conchoidal fracture, although a very few euhedral grains showing the 
rhombic dodecahedron were found. Gas or bubble inclusions were com- 
mon, particularly so in the red variety. Etching figures were found on 
many of the red grains and on some of the colorless and pink ones. 

HorNBLENDE is another mineral of critical stratigraphic importance. 
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It was found as splintery grains with prismatic cleavage. Pleochroism 
was usually strong, from blue-green to yellow-green. It was usually 
fresh, but in a few samples it appeared to be somewhat altered to chloritic 
material. 

KYANITE was present only in small amounts, but was of value in estab- 
lishing certain fundamental points. The grains were angular, prismatic, 
elongated in the direction of the principal axis, and usually had distinct 
traces of cleavage, nearly at right angles to the length of the grain, and 
parallel to the prism edges. It was invariably colorless. 

MuscoviTe was also ubiquitous and was apparently of no significance. 

RvtImLe was universally present, but persistently in very small amount; 
it was either yellow-brown or “fox-red”. The grains were usually well 
rounded and untwinned, but numerous euhedral and twinned grains were 
found. 

SravROLITE, in three varieties, was observed. One was pleochroic 
from clear golden yellow to nearly colorless; one was pleochroic from a 
deep orange-yellow to golden or pale yellow, was never clear, was usually 
cracked and cloudy and contained numerous bubble inclusions; and the 
third type had the general characteristics of the second, but in addition 
had sharp saw-tooth edges. No stratigraphic or areal distribution was 
noted for these varieties. 

SpPHENE occurred sporadically in many slides from all the stratigraphic 
members. 

TOURMALINE was observed as euhedral prisms, and anhedral rounded 
grains in a great variety of colors. These consisted of various shades of 
yellow, brown, purple, blue, and green. Pleochroism and absorption were 
usually striking. Although it was found in many specimens it was not as 
ubiquitous as zircon. 

Zircon is invariably important because of its wide variety of prop- 
erties. The zircons observed in the slides of these rocks were either 
rounded or euhedral, some of them being spherical, others moderately 
rounded, retaining the general prismatic habit. Three kinds of euhedral 
crystals were found. In one type the long slender prism was predominant; 
this was terminated by a small bipyramid. Many crystals of this type 
contain short colorless rod-like inclusions without definite crystallo- 
graphic orientation; others are perfectly clear. Another extreme habit 
was a short prism terminated by a prominent bipyramid. Many of this 
type had the same rod-like inclusions as the more slender type. Between 
these two extremes lay the most common and most abundant type. It 
had a prism and bipyramid about equally developed in size; the rod-like 
inclusions were not universally present. The vast majority of the grains, 
both rounded and euhedral, were colorless, but certain exceptions were 
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noteworthy; namely, a few of the rounded grains were yellowish brown 
and some were pale purple, but not a single euhedral one showed any 
coloration. All the latter were clear except for rod-like inclusions. The 
rounded grains were dull and frosted, and many were zoned. In samples 
in which both the rounded and the euhedral grains were present, the 
rounded variety was invariably more abundant, although no consistent 
variation in frequencies between euhedral and rounded grains could be 
detected in any of the stratigraphic units. 


LIGHT MINERALS 

Curt was present in some of the light separates. 

MIcrocLinE was present in many samples as either fresh or altered 
grains usually showing typical twinning. 

OrrHociase was identified both as fresh and as altered grains. 

PLAGIOCLASE FELDSPARS varied in degree of alteration, but no attempt 
was made to differentiate the members of the series. 

Quartz was the predominant mineral of most of the samples examined. 


CORRELATION BY HEAVY MINERAL SUITES © 
GENERAL STATEMENT 

The first problem of the investigation was an attempt to correlate the 
Lance, Fort Union, and Wasatch formations and their members by means 
of heavy mineral suites. 

Of the twenty-one noncpaque minerals identified and described, only 
six were of value for stratigraphic correlation or for ascertaining the 
source of the sediments. These were garnet, hornblende, kyanite, stauro- 
lite, tourmaline, and zircon. 

The following descriptions of samples from four critical stratigraphic 
sections are in general typical of the heavy minerals from several hundred 
other samples collected in the region. 


CRITICAL STRATIGRAPHIC SECTIONS 


Elk Basin and Southeast Side of Polecat Bench, Wyoming.—One of 
the most important stratigraphic sections is in the vicinity of Elk Basin 
and along the southeast side of Polecat Bench, Park County, Wyoming. 
In this, the samples examined are definitely tied to the vertebrate faunal 
zones, previously referred to, in Polecat Dome. Table 1 shows the rela- 
tive frequency of the significant minerals in the Hell Creek, Tullock, 
Lebo, Tongue River, and Wasatch sediments. 


Along A-A’ and B-B’ of Plate 1.—Table 2 shows the relative frequen- 
cies of the significant minerals in the samples collected along the meas- 
ured stratigraphic section A-A’ and B-B’ of Plate 1. Comparison of this 
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table with Table 1 shows that the compositions of the sediments from 
corresponding members differ only slightly and not significantly. In this 
section, no garnet was found in the Hell Creek. In the Tullock the 


Tasts 1—Relative frequency of significant minerals from the Hell Creek to the 
Wasatch, inclusive, along the southeast side of Polecat Bench, and near Elk 


Basin, Wyoming 


Source of Sample 8 
5 
© o 
§ 5 - 2 8 
Ageand | Formation| ‘3 | 
Tertiary Wasatch 1441 PA A R R R Cc 
Eocene 1388 |C A Cc R 
Tertiary Tongue 140 |} A C Cc 
Paleocene River 139 | A Ci; C Cc 
Fort 137 |} A C/C Cc Cc 
Union 136 |} A C/C R 
511 A C/;/C R 
515 |} A R 
Lebo 148 |} A Cc 
149 Cc Cc 
514 | A RIC R R 
60 | A Cc 
Cretaceous Tullock 1446 |} A RIC Cc 
Lance 145 | A ©: 2+, 4 R 
144 | A R R 
142 | A R|C 
Hell Creek | 540 | R Cc R 
541 | R Cc R 


*A=abundant; C=common; R=rare. 


greatest difference is in the greater persistence of red garnet, but it does 
not occur in greater amount. Staurolite was not found. The Lebo and 
Tongue River suites are essentially the same here as at Polecat Bench. 
Kyanite is present as “common” or “rare” in the Wasatch. 


Roscoe and Luther, Montana.—Samples were collected from an area 
mapped by Wilson (1936) between Roscoe and Luther, “fontana; the 
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Taste 2—Relative frequency of significant minerals in measured section from base 
of Hell Creek to the highest exposure of the Wasatch (B-B’ and A-A' on Plate 1) 


Source of Sample 


Formation | or Member 


Garnet, Colorless 
Garnet, Red 


Zircon 
Tourmaline 
Staurolite 
Kyanite 
Hornblende 


: 
Age and | Formation 3 3 


* 


Tertiary Wasatch 
Eocene 45 


an 


Tertiary Tongue 79 
Paleocene River 214 
Fort 19 
Union 12 


Lebo 10 


Cretaceous Tullock 538 
Lance 537 


on 


Hell Creek | 533 


* A =abundant; C=common; R =rare. 
results of the examination of these are shown in Table 3. The occurrence 
of the various minerals from this locality is consistent with the occur- 
rences from the two localities just described. Minor differences exist, but 
they are not significant. 
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Heart Mountain, Wyoming—In the vicinity of Heart Mountain, 
Wyoming, in a small area mapped by Frey and Reichert (1936), of the 
University of Cincinnati, samples were collected from beds containing 
a Wasatch fauna, from beds containing Lance dinosaurs, and from inter- 
vening Lebo beds; here the Wasatch rests unconformably on the Hell 
Creek, Tullock, and Lebo. Table 4 shows the same general relationships 
of minerals to formational members as were shown by the other tables. 


Tastz 3—Relative frequency of significant minerals from the Hell Creek to the 
Tongue River, inclusive, between Roscoe and Luther, Montana 


Source of Sample 
Formation | or Member 5 = 
Tertiary Tongue 364 |*A C/C R R R 
Paleocene River 352 | C C R R 
Fort Lebo 335 |C RIC 
Union 334 |C R/C 
333. | C Cc 
332 | C Cc 
Cretaceous Tullock 339 |R R/C R 
Lance 340 | R Cc Cc 
RTC Cc R 
330 | A R/C Cc 
329 |} A R/C Cc 
Hell Creek | 341 | R C R 


* A =abundant; C=common; R=rare. 


GENERALIZATION THROUGHOUT REGION 

Frequency of Minerals—lIf a composite of tables 1, 2, 3, 4 and of 
analyses of many other samples is made (Fig. 2), correlation of the for- 
mational members can be based on the following relationships: 

The Hell Creek is characterized by the abundance of zircon, the rarity 
of colorless garnet, and the absence of red garnet, staurolite, kyanite, and 
hornblende. 

The Tullock and Lebo cannot be distinguished from each other by 
means of heavy minerals (although presumably separable by means of 
contained feldspathic materials), but are distinguishable from the other 
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member units mapped by the rarity of red garnet and by the absence of 
kyanite and hornblende. 


Abundent Common <Common-§ Rare Absent 
>Rare 


Formation 
Member 


Garnet, Colorless 


Garnet, Red 
Zircon 
Tourmaline 
Staurolite 
Kyanite 
Hornblende 


Wasatch 


Tongue 
River 


Lebo 


Tullock 


Hell Creek 


Ficure 2—Relative frequency of significant minerals in all Hell Creek, Tullock, 
Lebo, Tongue River, and Wasatch samples 


The Tongue River can be identified by the common occurrence of red 
garnet, the presence of kyanite, and the absence of hornblende. 

The Wasatch differs distinctly from the others in several respects. 
Hornblende is common in the Wasatch and is not found below it. Kyanite 
‘varies from rare to common; staurolite is common; and tourmaline and 
zircon are rare. The red garnet is common. 
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Some of the minerals in a single sample may differ somewhat in fre- 
quency from that given in the generalized table, but the average of a 
group of several samples from the same formational member will agree 


closely with the frequencies given. 
Persistence of Minerals—Figure 3 shows the relative persistence of 
significant minerals and is compiled from the samples of tables 1, 2, 3, 


Tasty 4—Relative frequency of significant minerals from the Hell Creek to the 
Wasatch, exclusive of the Tongue River, west of Heart Mountain, Wyoming 


Source of Sample i 
r=] : 
: g si 4 
Age and Formation | ° 
Formation | or Member 5 ‘ 
Tertiary Wasatch | 113 |*A R Cc c 
Eocene 114 | A A R Cc Cc A 
15 |A A R Cc A 
298 |; A A R Cc A 
297 | A A R Cc Cc 
Fort Union Lebo 259 | R Cc R 
Cretaceous Tullock 260 | R Cc 
Lance 
Hell Creek | 258 | C R 
257 | R A R 
130 A Cc 
131 A R 


* A = abundant; C=common; R=rare. 


4 and from many other samples throughout the area. From these data 
the following summary is significant: 

In the Hell Creek, only zircon, colorless garnet, and tourmaline are 
highly persistent. 

In the Tullock, colorless garnet, red garnet, zircon, and tourmaline are 
highly persistent and staurolite is of very sporadic occurrence. 

The minerals of the Lebo differ in persistence only slightly from those 
of the Tullock. Colorless garnet, zircon, tourmaline, and staurolite are 
of about the same degree of persistence as in the Tullock, but red garnet 


is less so. 
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In the Tongue River, all the significant minerals, with the exception 
of hornblende which is absent, are highly persistent. 


Present Rerely Present Rarely Absent 
in all absent inmost present 
samples samples 


Formation 
or 
Member 


Garnet, Colorless 


Garnet, Red 
Zircon 
Tourmaline 
Staurolite 
Kyanite 
Hornblende 


Wasatch 


“Tongue 
River 


Lebo 


Tullock 


Hell Creek 


me 


Ficure 3.—Relative persistence of significant minerals in all Hell Creek, Tullock, 
Lebo, Tongue River, and Wasatch samples 


The Wasatch sediments are characterized not only by the presence of 
all the significant minerals, but by their exceptionally high persistence. 
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SUMMARY 


The Hell Creek mineral assemblages are distinctive. 

The Tullock and Lebo assemblages cannot be sharply distinguished 
from one another, but can be readily distinguished from those of the 
other members. 

The Tongue River assemblage is distinctly different from the others 
in frequency and persistence. 

Likewise, the Wasatch assemblage is strikingly different. 

Within certain limits the members of the Lance, Fort Union, and 
Wasatch formations can be distinguished by the frequency and persist- 
ence of significant heavy minerals to such an extent that they can be 
recognized and traced with certainty between the rather rare localities 
at which vertebrate guide fossils are obtainable. 


SOURCES OF SEDIMENTS 
GENERAL SOURCE OF MINERALS 


It is well known that assemblages of heavy minerals of sediments 
reflect the composition of the parent rock from which these minerals 
were derived. Likewise, the conditions of weathering of the parent rock, 
the transportation of the resulting detritus, and the environment of depo- 
sition of this sediment will be indicated. Detailed discussion of possible 
source rocks of individual mineral species found is unnecessary; it will 
suffice to call attention to the most probable sources of the heavy mineral 
assemblages of each of the stratigraphic units under investigation. 


HELL CREEK 


The characteristic assemblage of zircon and tourmaline with only few 
grains of colorless garnet in the Hell Creek beds indicates sedimentary 
rocks as the predominant source of the detrital material. The fresh, 
angular, colorless garnet is probably derived from crystalline rocks, but 
the amount of material contributed by crystalline rocks, compared with 
that from sedimentary ones, is extremely small. 


TULLOCK AND LEBO 


The Tullock-Lebo assemblages, predominantly of colorless garnet, zir- 
con, and tourmaline, with persistent but small amounts of red garnet and 
staurolite, indicate that sedimentary rocks were still supplying the great 
bulk of the detrital material and that crystalline ones were supplying a 
continuous but small amount of detritus. 


TONGUE RIVER 


With the Tongue River sediments appears a greater amount of crys- 
talline waste as represented by the higher persistence of red garnet and 
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staurolite, the first appearance of kyanite, and the increased abundance 
of red garnet. These facts show that the source of the Tongue River 
sediments was not preponderantly sedimentary rocks, as was true of the 
underlying units, but that an extensive area of crystalline rocks was 
exposed to denudation. 

WASATCH 


In the Wasatch, extreme persistence and abundance of minerals de- 
rived from a crystalline rock and the scarcity of those derived from a 
sedimentary rock establishes an area predominantly of crystalline rocks 
as the source of the sediments composing this formation. The sudden 
appearance and high persistence of hornblende in the Wasatch denotes 
a new source of sediment, rather suddenly made available. 

Rouse supplied seven samples of early and late breccias and tuffs from 
the Yellowstone-Beartooth region. These were crushed and prepared in 
the same manner as the sedimentary samples. The heavy separates 
showed an abundance of amphiboles, but in most of the specimens these 
bore little resemblance to the amphiboles of the Wasatch sediments. 
However, in two of them a blue-green and a brown hornblende matched 
the colors, shape, and optical properties of the hornblende of the Wa- 
satch. These similarities were verified by Rouse. One specimen was 
from an early acid breccia exposed near the junction of Closed and 
Timber creeks, Absaroka Mountains, Crandall quadrangle, Wyoming, 
and the other was an early acid tuff from the junction of Open and 
Closed creeks of the same region. 

Wasatch sediments from the vicinity of Roscoe and Luther, Montana, 
have the same mineral assemblages as the Wasatch from elsewhere in 
the region, with the exception of the hornblende, not the slightest trace 
of which was found at this locality. 

The Crandall topographic quadrangle shows the drainage from the area 
of Open, Closed, and Timber creeks to be into the Clark’s Fork River 
which at present traverses the southeast part of the region investigated. 
Reference to Plates 1 and 2 shows that it is very unlikely that the 
Wasatch sediment in the vicinity of Luther, Montana (T.65S., R. 19 E.), 
could have been deposited to the northwest around the Beartooth Moun- 
tain uplift by an ancient Clark’s Fork River; whereas, all other localities 
of Wasatch sediments are within a reasonable range of a possible distrib- 
utive basin of an Eocene ancestor of the Clark’s Fork, or are within a 
possible subsidiary drainage area from the vicinity of these volcanic 
rocks. Samples from all the latter Wasatch localities contained horn- 
blende. 

From these paleo-physiographic relationships and because of the iden- 
tical physical properties of the hornblende from these two volcanic speci- 
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mens and the hornblende of the Wasatch sediments, it is established 
with reasonable certainty that these early acid volcanics supplied some 
of the material composing the Wasatch sediments. 

Although crystalline rocks from the Beartooth Mountains have not 
been examined for the presence of hornblende resembling that of the vol- 
canics and the Wasatch, it is hardly possible that the same type of rocks 
would supply sediments containing no hornblende throughout upper Fort 
Union time and then at the beginning of Wasatch time would supply the 
hornblende. More likely, the same crystalline rocks supplied sediment 
throughout Fort Union and Wasatch time, and, in addition, the Wasatch 
sediments were supplied with hornblende by the volcanics. 


OTHER POSSIBLE SOURCE ROCKS 
In addition to the volcanic rocks already mentioned, two other types 
of rock from the Beartooth uplift were examined. A sample of the Ten- 
sleep sandstone (Pennsylvanian) from Rattlesnake Mountain, Wyoming 
(T. 54 N., R. 104 W.), was characterized by the absence of garnet, the 
great abundance of perfectly rounded, frosted, colorless and purple zir- 
cons, ar abundance of perfectly rounded and vari-colored tourmaline 
grains, and the presence of red-brown and yellow-brown, well-rounded 
rutile. This suite of minerals, having some of the characteristics of those 
of the Lance and Lower Fort Union formations, is rather indicative of 
the derivation of some of the Lance and Fort Union sediments from pre- 
existing sedimentary rocks, and possibly to some extent, directly from 
the Tensleep sandstone. A specimen of eulysite from the East Boulder 
Plateau, Montana, was furnished by Hess. Examination of the heavy 
separate of this rock showed no minerals similar to those found in the 
sediments under investigation. 


GEOLOGIC SIGNIFICANCE OF RESULTS 
GENERAL STATEMENT 
Certain conclusions can now be drawn from this work in the Big Horn 
Basin, and other conclusions follow from the integration of these findings 
with the results yielded by other explorations previously conducted in 
central and eastern Montana. These various conclusions, divided into 
categories, may be stated as follows: 


STRATIGRAPHIC “ZONING” BY MINERAL ASSEMBLAGES 

Microscopic study of samples collected from typical sections of the 
Lance, Fort Union, and Wasatch formations of the Big Horn Basin has 
shown that these formations can be zoned stratigraphically within this 
basin, on the basis of diagnostic heavy minerals (or mineral assem- 
blages) and that the zoning, thus worked out, cross-checks and confirms 
the correlations previously made both on the basis of vertebrate fossils 
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and on the basis of continuous tracing of “key” beds. Consequently, 
heavy-mineral study can now be used in the Big Horn Basin as a quick 
and positive “second-order” method for correlating non-fossiliferous out- 
crops which previously would have remained of doubtful age and correla- 
tion. The local stratigraphic units that can be separated on the basis of 
their contained heavy minerals are, in ascending order, (1) the Hell 
Creek member of the Lance, (2) the Tullock member of the Lance plus 
the Lebo member of the Fort Union, (3) the Tongue River member of the 
Fort Union, and (4) the Wasatch formation. The Lebo presumably can 
be separated from the Tullock below and the Tongue River above on the 
basis of a greater relative abundance of contained andesitic eruptive 
material, as in the Crazy Mountain region (Stone and Calvert, 1910). 


RELATION OF MINERAL “ZONES” TO BASIN-MARGIN UNCONFORMITIES 


The orogenic movement which resulted in the pre-Wasatch unconform- 
ity, visible around the margins of the Big Horn Basin, was accompanied 
by voleanic activity that made available for denudation a rock that 
contained a certain type of hornblende. This mineral is a characteristic 
basin-fill constituent of the sediments above the pre-Wasatch uncon- 
formity, but is absent from the underlying Fort Union and Lance forma- 
tions of the basin. 

The earth movements that caused the angular unconformity locally 
present beneath the base of the Fort Union in the Big Horn Basin did 
not, however, induce a similarly marked and immediate change in the 
heavy minerals contributed to the Fort Union basin-fill, according to 
present information. Perhaps this was due to the lag that is likely to 
occur between the elevation of a source area and the erosional exposure 
within it of a new type of source rocks capable of yielding new diagnostic 
minerals. There is, however, a possibility, already referred to, that 
marked changes in the light-mineral constituents of the basin-fill may 
reflect the pre-Fort Union basin rim uplift. 


RELATION OF MINERAL “ZONES” TO INTERFORMATIONAL VOLCANIC ERUPTIONS 


It is believed that the mineralogical study of the basin-fill sedi. .ents 
confirms the validity of another generalization; namely, that violently 
explosive volcanic activity heralded the initiation of each new pulse of 
compressive deformation during the Laramide Revolution. These pulses, 
in turn, gave rise to the angular unconformities, lithologic differences, 
and faunal changes which provide the bases for separating the Wasatch, 
Fort Union, Lance, and other formations locally recognized. For example, 
the Absaroka early acid tuffs and eruptive breccias were deposited at, 
or immediately after, the close of Fort Union sedimentation, and just 
prior to, or coincident with, the initiation of Wasatch deposition. In a 


760 M. H. STOW—DATING TECTONIC MOVEMENTS BY HEAVY MINERALS 


certain sense and to a degree, they therefore fill or partly fill the strati- 
graphic gap expressed by the post-Fort Union, pre-Wasatch angular 
unconformity. 

Similarly, the close of Lance deposition, and the beginning of Fort 
Union sedimentation, which again is marked by local angular uncon- 
formities in the Big Horn Basin, was featured in central Montana by the 
inauguration, in post-Lance and pre-Fort Union time, of a fresh cycle 
of volcanic eruptions. This caused the basal part (Lebo member) of the 
Fort Union in the Crazy Mountain syncline, to consist largely of ande- 
sitic eruptive material (Stone and Calvert, 1910, p. 747-764); whereas, 
it contains pumaceous materials, with included euhedral crystals of 
orthoclase, in western Garfield County, Montana.’ 


BEARING OF MINERAL EVIDENCE ON OROGENIC HISTORY OF BIG HORN BASIN REGION 


The mineralogical evidence presented in the preceding pages indicates 
certain things regarding the orogenic history of the Big Horn Basin 
region, and foreshadows the possibility of early determination of other 
facts and relationships. 

First, the heavy minerals of the Wasatch supply the link of evidence 
needed to connect the vertebrate fossils of the Basin with the conglom- 
erate beds of the Basin-margin. There is no longer reason to doubt that 
the differential elevation of the Beartooth massif (and its truncation by 
erosion) was almost as far advanced by the end of Wasatch time as at 
present. 

Second, the heavy minerals indicate that the early acid tuffs and 
breccias, initiating the Absaroka volcanic series, are of Wasatch, and 
not of post-Wasatch, age, as postulated by Hewett (1920, p. 555-557), 
though definitely antedating the Heart Mountain “over-thrust,” as Hewett 
suggested (1920, p. 5386-557). 

Third, these heavy mineral studies plus previous sedimentary petrologic 
work of others in nearby areas, combine to show that not only did a great 
cycle of volcanic eruption begin coincident with the occurrence of the 
notable angular unconformity at the base of the Wasatch, but that other 
cycles of volcanic eruption definitely occurred coincident with the post- 
Lance, pre-Fort Union unconformity, and with the beginning of Lance 
deposition, at which time minor local unconformities may have been 
developed (Thom and Dobbin, 1924, p. 498-499). A similar, and still 
earlier, cycle of eruptive vulcanism, again linked with an important 
crustal movement, is also known to have occurred in Upper Cretaceous 
time (Judith River), in both the Crazy Mountain (Stone and Calvert, 
1910) and the northern Big Horn Basin (Wilson, 1936) regions. 


2W. T. Thom, Jr.: personal communication. 
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CONCLUSIONS 


The data presented warrant the following conclusions: 

(1) The minerals characterizing the continental basin-fill deposits of 
the Big Horn Basin, occur in zones which are accordant with the zones 
previously established locally, on the basis both of vertebrate faunal suc- 
cession and of continuous mapping of “key” beds. Therefore, heavy- 
mineral assemblages can now be used as satisfactory “second-order” bases 
for determining the age of unfossiliferous outcrops. 

(2) The early acid breccias of the Absaroka-Yellowstone Park series 
were developed during the time interval represented by the local, pre- 
Wasatch, post-Fort Union angular unconformity. These volcanics were 
deposited prior to the Heart Mountain “over-thrust.” A similar explosive 
outbreak was essentially coincident with the beginning of Fort Union 
deposition (marked by local Fort Union-Lance angular unconformity). 
Comparable explosive volcanic episodes occurred both in pre-Lance and 
in Judith River time. 

(3) The heavy minerals and associated clastic materials of the basin- 
fill deposits of the Big Horn region have already yielded much evidence 
indirectly dating the uplifts of the basin rims, and indicating the relative 
amounts of such differential elevation (and erosional down-cutting). 
Further petrologic-paleontologic studies must be made in areas contiguous 
to those already studied if the evidence needed to provide a full and 
unambiguous story is to be obtained. 
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ABSTRACT 


At Chelan Butte in central Washington the marginal granodiorite 
facies of a large batholith is irruptive into hornblende schist. Along the 
margin a broad zone of contact breccias and striped migmatites has been 
formed which occupies an area of many square miles. Field study, petro- 
graphic examination, and chemical analyses, all converge to show that the 
inclusions of schist caught up by the batholith were first thoroughly re- 
crystallized, feldspathized, and silicified until they became fine-grained 
granoblastic rocks which megascopically resemble diorites, and then were 
differentially assimilated as a result of the liquefaction and running to- 
gether of the felsic constituents allowing the remaining still-solid material 
which consisted chiefly of hornblende to pack together into clots of am- 
phibolite. During this process the hornblende crystals of the zenoliths 
grew in size by precipitation of material upon them from the adjacent 
magma. 

Such amphibolite clots are indistinguishable from the “basic schlieren” 
which occur throughout the batholith. Although definitive proof is lack- 
ing, it is suggested that the basic schlieren of this and other areas may 
represent similarly reconstituted foreign inclusions. A modification of 
Beger’s hypothesis of the origin of lamprophyres is suggested in view of 
this conception of the origin of schlieren. 


INTRODUCTION 


Central Washington is underlain principally by igneous rocks among 
which coarse-grained plutonic varieties bulk very large. The peculiar 
belt of highly hornblendic rocks along the margin of one of these great 
intrusives, which crops out throughout practically the entire length of the 
Chelan Mountains and apparently continues much farther to the north 
and northwest, is so striking that it attracted the attention of an early 
reconnaissance party of the United States Geological Survey (Smith and 
Calkins, 1904, p. 45, 80), but since that date no further work appears to 
have been done on the problem. 

The results obtained from a preliminary examination of the different 
rock varieties in this zone made by the writer? in 1928, and of more de- 
tailed work carried on at intervals since that date, are summarized in this 
paper. The chemical analyses were made possible by a grant from the 
Geological Society of America, for which I desire to express my thanks. 
I also wish to express my appreciation to Elizabeth von Hoene for draw- 
ing Figures 1, 2, and 4. 


2 Much of this paper is abstracted from chapter 3 of an unpublished report entitled ‘Geology of 
the Southern Half of the Chelan Quadrangle, Washington,” which was submitted as a dissertation 
for the Doctorate at Yale University in 1930. 
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DESCRIPTIVE PETROLOGY 
PRE-BATHOLITHIC ROCKS 


The Chelan quadrangle lies near the center of the State of Washing- 
ton, and includes a part of the junction between the Cascade Mountains 
and the Columbia River plateau. In this area the granodiorite-quartz 
monzonite intrusive of the Chelan Mountains injects two series of highly 
metamorphic rocks (Pl. 1). Of these the Swakane gneiss which makes 
up the core of the Entiat Mountains is the most widespread, and is the 
older. This group of heterogeneous highly metamorphic rocks has been 
described in detail in an earlier report (Waters, 1932). For the purposes 
of this paper it will be sufficient to say that the most common petro- 
graphic variety is an extremely well foliated biotite gneiss, which, in the 
region adjacent to the Chelan intrusive, dips at angles from 10° to 80° 
toward the batholith. The contact is markedly transgressive, and many 
canyon sections more than 2,000 feet in height show that in the zone of 
observation the batholith enlarges downward. In minor details the con- 
tact is commonly blocky and irregular in character, and locally numerous 
roof pendants are found along a narrow belt near the margin. The 
Swakane gneiss is thoroughly recrystallized for several hundred yards 
from the contact, and contact metamorphic effects are commonly notice- 
able at a distance of one mile. In this recrystallized zone the gneiss loses 
its easily cleavable properties and develops a blocky structure, although 
the old metamorphic foliation is rarely completely obliterated. In other 
areas the granodiorite has penetrated into the gneiss in lit-par-lit fashion 
forming broad zones of injection gneiss (PI. 2, fig. 1). Along some layers 
the granitic juices seem to have thoroughly permeated the schistose 
gneiss, whereas along others there has been little admixture. As a result, 
both welded and clean-cut contacts can be found between the intrusive 
rock and its host in these injection zones. 

The second group of rocks into which the Chelan batholith is intrusive 
consists mainly of hornblende schist with minor amounts of intercalated 
crystalline limestone. Although undoubtedly once of great areal extent, 
these rocks have been almost entirely stripped away by erosion and now 
form isolated patches of what was evidently once a continuous roof over 
the batholith. In the map area the largest of these remnants occurs in 
the vicinity of Chelan Butte. Smaller areas are found along the southern 
border of the batholith in the valley of the Entiat River. Some form roof 
pendants in the batholith; others rest upon the Swakane gneiss. North 
of the map area extensive roof-pendants of hornblende schist are found 
along the crest of Goat Mountain and along the Methow River a short 
distance above its mouth. Smaller patches are found at many localities 
in the higher parts of the Chelan and Methow mountains where their 
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wide distribution, but small size, suggests that in this district the roof 
of the batholith was not far above the average level of the higher peaks, 
and that numerous masses of roof rock projected from this level down 
into it. 

With very few exceptions the contact between the Chelan batholith 
and the hornblende schist is marked by a broad zone, commonly more 
than a mile wide, in which intrusive and country rock are mingled with 
one another in the most intricate fashion. 


POST-BATHOLITHIC ROCKS 


In the mapped area the post-batholithic rocks are all of Tertiary and 
Quaternary age, and comprise three sedimentary and three igneous forma- 
tions. The oldest is the Swauk formation which consists principally of 
arkose with minor amounts of conglomerate and shale. It is of conti- 
nental origin and of lowermost Eocene age (Smith, 1904, p. 5; Smith 
and Calkins, 1904, p. 30). A profound unconformity, representing the 
greatest break in this part of the State, separates it from the Swakane 
gneiss and other metamorphic and igneous rock units to the west. Al- 
though it does not come into direct contact with the Chelan batholith, 
the younger age of the Swauk formation is indicated by the fact that 
some of the conglomerate layers contain pebbles of granodiorite indis- 
tinguishable from the Chelan, and, more particularly, some beds of con- 
glomerate are crowded with pebbles of the very resistant granophyre 
dikes that cut the margin of the batholith north of Corbaley Canyon 
(Waters, 1927). 

After deposition the Swauk formation was highly folded, cut by normal 
faults, and injected by dikes, necks, and sills of andesite and rhyolite. 
By Middle Miocene time it had been almost entirely stripped from the 
map area, though still present in great thickness farther south in the syn- 
clinal area now occupied by the valley of Wenatchee River. A mature 
erosion surface having a relief of about 2,100 feet was cut across this 
formation and the Chelan batholith, Swakane gneiss, and other pre- 
Tertiary rocks, only to be drowned and levelled in Upper Miocene time 
by great fissure floods of the Columbia River basalt. These basalts reach 
a maximum thickness of 2,000 feet in the map area, and can be traced in 
the field directly into the area of Columbia River flows which Smith 
(1904, p. 7; 1903, p. 3) named the Yakima basalt. As in the Yakima 
area, the flows are succeeded by stream and lacustrine deposits which 
bear a fossil flora of Upper Miocene age, and to which the name Ellens- 
burg formation, applied by Smith (1903, p. 2) to correlative deposits to the 
south, has been extended. Also, as in the Yakima area, there was a final 
recrudescence of volcanic activity, giving rise to a few thin flows of post- 
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Ellensburg basalt. These different sedimentary and volcanic units are 
indicated on the geologic map (Pl. 1). They underlie the entire Water- 
ville plateau, but in much of that area are deeply covered by loess, vol- 
canic crystal ash, and fine aeolian sand which is older than the two most 
recent glacial advances, but may, nevertheless, be of early Pleistocene 
ps THE CHELAN BATHOLITH 

Age, and relations to other Cascade intrusives——The Chelan batholith 
extends northwest from the map area into the highest and most rugged 
part of the Cascade Range. This region is still almost unexplored geolog- 
ically, but enough is known to indicate that plutonic igneous rocks appar- 
ently representing the continuation of the Chelan batholith are wide- 
spread, and the Chelan is probably the largest plutonic mass in the 
Cascade Range. Traced northward along the Columbia River, no clear 
junction has been found between the Chelan mass and the Similkameen 
batholith (Daly, 1912, p. 455) which occupies the core of the Okanogan 
Range. Much of this area has aot been mapped in detail, however, and 
an intrusive junction may yet be found. These two igneous masses are 
similar in petrographic character, and they may both represent southern 
extensions of the great composite Coast Range Intrusive of British 
Columbia. 

In the Chelan quadrangle there is little evidence as to the geologic age 
of the batholith. The Miocene Yakima basalt rests upon its eroded 
surface, and it appears to have contributed detritus to the Swauk forma- 
tion of early Eocene age. The rocks into which it is intruded are unfos- 
siliferous. If the suggested correlation with the Similkameen mass be 
admitted, a somewhat more precise date can be assigned, for, in the 
region between Riverside and Loomis, recent unpublished work has 
shown that the Similkameen batholith intrudes strata of early Mesozoic 
age, and has contributed detritus to sediments of Eocene age. The most 
probable suggestion is that these batholiths were intruded in late Jurassic 
time, and belong to the same petrogenic epoch as the Coast Range intru- 
sive of British Columbia and the Sierra Nevada batholiths of California. 


Hornblende-biotite granodiorite border facies——The staple rock in a 
zone that lies within 6 miles of the contact in the map area is a coarse- 
grained hornblende-biotite granodiorite with a low content of potash 
feldspar and an unusually high proportion of dark minerals. It is there- 
fore rather close to the quartz diorites in composition. The crystalliza- 
tion is coarse, and in local areas the grain size averages as much as one 
centimeter. Under the microscope the rock shows a typical hypidio- 
morphic granular texture. The plagioclase is rather strongly idiomorphic 
and is zoned, ranging in composition from An 50 at the core to An 28, 
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or in some specimens to even more sodic varieties at the periphery. 
Hornblende and biotite are very prominent, and are of the common 
varieties. Small amounts of augite are invariably present, but rarely 
make up more than three per cent of the total mineral composition. 
Quartz is interstitial, and is of smaller grain size than the other con- 
stituents. The last component to complete its solidification was the potash 
feldspar, and in many sections it forms huge irregular plates more than 
a centimeter in diameter which are crowded with inclusions of all the 
other minerals. The most common potash feldspar is orthoclase, but in 
some specimens its place is taken by microcline, and in still others by 
microcline-microperthite. Accessories observed in thin section include 
apatite, magnetite, titanite, and zircon. Crushed specimens treated with 
heavy liquids produced allanite, garnet, ilmenite, and epidote. 

Many specimens, especially those collected near the contact, are 
foliated, and in thin section commonly show protoclastic structures, the 
plagioclase being bent, broken, and locally eaten into by worm-like 
masses of quartz forming typical myrmekitic intergrowths. Hornblende 
and biotite are also affected by the cataclasis, but the quartz and potash 
feldspar are very rarely affected. 

The rock has an average grain size of 7.5 mm., and is too coarse grained 
to lend itself readily to micrometric study in a single thin section. A 
Rosiwal analysis based on three sections from specimens collected in that 
part of the batholith lying 4 to 7 miles from the molar contact in the 
Entiat Valley is as follows: 


Percent 


Equal volumes of material from ten specimens collected within 3 miles 
of the contact along the Entiat Valley were powdered together and 
analyzed. The analysis and normative composition are given in Table 1. 

Both plane and linear structures are visible in most outcrops of the 
granodiorite. These structures form a crude “schlieren dome” in the 
area that has been mapped. Along the Entiat River the primary 
foliation dips to the southwest, and the angle of dip steepens as the 
contact is approached. In the vicinity of the roof pendants along the 
Entiat River, and also in the areas of injection gneiss, the foliation is 
highly disturbed and irregular in many places, though in some it conforms 
to a quite definite orientation and is disposed in inward-dipping layers 
which plunge beneath the roof pendants like successive sectors of an 


| 
4 
i 
{ 
1 


DESCRIPTIVE PETROLOGY 769 


Taste 1—Chemical analyses and norms of Chelan rocks 


Constituents 1 2 3 4 4a 5 6 7 
60.50 71.60 47.05 46.75 49.02 59.50 45.20 48.00 
18.12 14.50 12.82 17.15 17.98 17.95 16.70 13.10 
SRSA Ae 3.84 2.05 10.37 8.58 8.99 4.29 10.10 8.40 
1.22 35 3.61 16 17 .73 2.48 1.80 
.20 Nil .50 -70 73 .20 -65 -46 
.70 1.95 1.05 1.10 65 1.15 -70 
6.65 3.20 8.65 18.30 11.88 7.50 10.15 7.05 
5 2.82 .82 8.90 6.86 7.19 2.75 8.62 13.38 
3.58 2.90 1.39 2.17 2.28 3.98 2.18 .86 
—105°......... 10 .20 .30 -20 21 .10 .20 .30 
HO +106°......... 70 .60 1.70 Nil Nil .80 .80 1.70 
Nil Nil Nil Nii Nil .80 
-21 .05 f .13 .13 .25 .28 .22 
Nil Nil Nil Nil Nil Nil Nil Nil 

TOM 100.09 99.85 99.91 99.94 100.00 99.92 99.86 99.89 

Norms 
Orthoclase.......... 8.34 20.02 12.23 4.45 ...... 7.23 7.78 18.90 
30.39 24:63 11.00 18.34 ...... 33.54 14.80 7.34 
Diopside; MgSiOs.... 1.70 3.80 1.75 
Hyperathene| 6.45 2.10 16.06 ° 4.0 15.10 
\FeSiO;. 4.75 3.17 9.31 3.70 ...... 6.14 
Magnetite.......... 1.86 46 5.34 1.16 3.60 2.55 


1. Powder from equal volumes of ten samples of hornblende-biotite granodiorite collected in Entiat 
Valley within 3 miles of the contact. 

2. Powder from equal volumes of five samples of quartz monzonite collected in the headwaters of 
Mud Creek. 

3. Basic schlieren, half a mile north-northwest of Entiat. 

4. Hornblende schist, northeast slope of Chelan Butte. 

4a. Analysis 4, freed of calcite and recalculated to 100 per cent. 

5. Granoblastic rock resembling diorite, core of a zenolith, Columbia River canyon south of Chelan 
Butte. 

6. Amphibolite, margin of the same zenolith from which 5 was collected. 

7. Recrystallized hornblende schist, zenolith a mile southwest of Chelan Falls. 

All analyses by W. H. Herdsmann. 
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inverted cone. Linear structures are more persistent in trend, and wher- 
ever observed almost all the projected strikes are northwest-southeast. 
In the eastern part of the area the linear structures pitch gently to the 
southeast. 

In the zone of contact breccias that surrounds Chelan Butte primary 
structures are more difficult to trace because of the extreme complexity 
and rapid variation in petrographic character of the rocks. Here too, 
however, elements oriented by primary flow clearly dip inward beneath 
the pendant of schist that occupies a part of Chelan Butte and the 
adjacent Chelan River gorge. The primary structure is best seen in 
the arrangement of slab-like xenoliths of wall rock, and other tabular- 
shaped inclusions, or by swarms of these inclusions. The matrix of the 
breccias is made up of granodiorite and other rock varieties which 
occur in dike-like anastromosing masses that commonly show a well- 
developed foliation parallel to their walls. This foliation has in general 
no relation to the regional disposition of large slabby xenoliths, but is 
related to the immediate boundaries of the small dike-like injections 
which ramify irregularly through the zone. Many planes of foliation 
in these minor injections cross at high angles (PI. 2, fig. 2). 


Quartz monzonite facies—In the region extending from the head- 
waters of Mud Creek far northwest into. the higher summits of the 
Chelan Mountains the batholith is made up of a very homogeneous 
rock of more leucocratic character than the varieties previously de- 
scribed. Here also the rock outcrops are either completely uniform in 
texture or else show extremely faint and irregularly developed primary 
structures. Although the same minerals as those seen in the marginal 
granodiorite are present, it is apparent even in hand specimen that the 
amount of hornblende has decreased relative to biotite and that the pro- 
portions of quartz and potash feldspar are greater than in the granodio- 
rite. Under the microscope the rock is remarkably uniform in different 
specimens, and shows the following minerals, named in order of decreasing 
abundance: zoned plagioclase ranging in composition from An 35 to An 22, 
orthoclase or microcline, quartz, hornblende, biotite, accessories. This rock 
is a quartz monzonite in which plagioclase is slightly in excess of ortho- 
clase. The accessories are the same as those listed for the granodiorite, 
except that augite is only very rarely found and when present is invariably 
surrounded by a shell of hornblende. The chemical analysis and norm of 
a powder obtained by crushing together equal volumes from five specimens 
of the quartz monzonite collected in the drainage basin of Mud Creek 
are given in Table 1. 

In the field the quartz monzonite seems to be completely transitional 
into the granodiorite, and the transition is such a gradual one that it 
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has not proved feasible to map the two varieties. The quartz and 
potash feldspar content of the quartz monzonite decreases gradually 
toward the margin until the rock becomes indistinguishable from the more 
leucocratic facies of the granodiorite. Very rarely something of the 
nature of a definite contact can be located. For example, west of the map 
area in the Entiat Valley near Lake Creek, the two varieties of rock 
are in sharp contact, and the quartz monzonite appears to send apophyses 
into the granodiorite. These apophyses are short and irregular and 
commonly end in blunt and bulbous terminations; however, the exact 
border between the two rocks is ill-defined, suggesting that the grano- 
diorite was at least in a plastic or semi-liquid condition when the quartz 
monzonite was injected. There seems to be little doubt from the field 
relations that the two rock varieties belong to the same period of magma 
intrusion, but the quartz monzonite appears to have completed its crystal- 
lization a little later than the marginal granodiorite. 


Coarse-grained amphibolitic schlieren.—Pancake-like and spindle- 
shaped clots of dark material made up largely of hornblende and biotite 
are scattered throughout the marginal portion of the batholith. In some 
examples, hornblende of the same variety as that occurring in the grano- 
diorite, and in coarse crystals commonly a centimeter long, is practically 
the only constituent, but more commonly the schlieren contain abundant 
biotite and small amounts of sodic plagioclase, orthoclase, and quartz. 
An analysis of a common type, collected half a mile north-northwest of 
Entiat, is given in Table 1. Although more common near the contact of 
the batholith than elsewhere, schlieren are occasionally found in the center 
of the mass, far from any observed contact. They invariably have flowing 
rounded outlines, and appear to have been in a semi-plastic condition and 
to have participated in the movements that oriented the minerals of the 


marginal granodiorite. 


ZONE OF CONTACT BRECCIAS AND MIGMATITES 


General statement.—Contact breccias are only rarely found along the 
southern border of the batholith where it is intrusive into the Swakane 
gneiss. Small zones of contact breccia surround the roof pendants on 
Mad River and at a few points along the lower Entiat River where the 
country rock is amphibolite schist or a particularly schistose phase of the 
Swakane gneiss. These breccias are confined to relatively narrow zones 
and show few interesting features. However, in the northeastern part of 
the map area, where the -batholith is transgressive into the hornblende 
schists of Chelan Butte, a contact breccia is developed on an enormous 
scale, and the outcrops of the mixed rocks extend westward as far as 
Winesap Canyon, forming a belt several miles in thickness which sur- 
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rounds the roof pendant of basic schist at Chelan Butte. In this belt in- 
clusions of country rock in various stages of recrystallization and modifi- 
cation are intricately jumbled together in a matrix of highly variable 
granitic rocks. The wide range of rock varieties in this contact zone is 
not easily classified, but for purposes of description the inclusions can be 
divided into (a) little-modified, or essentially unmodified, hornblende 
schist, (b) granoblastic rocks of dioritic appearance, (c) sponge-like and 
massive coarse-grained amphibolite. In a similar way the matrix can 
be crudely subdivided into (a) granodiorite and quartz diorite, (b) grano- 
diorite filled with xenocrysts of hornblende, (c) alaskite and grano- 
diorite pegmatite, (d) granophyric pegmatite. All transitions exist be- 
tween the kinds of rock listed, and in addition there are several other 
aberrant rock types, among inclusions and matrix, which have not been 
included in this list but will be mentioned briefly. 


Unmodified and little-modified hornblende schist——The roof pendant 
at Chelan Butte is so cut up and intimately penetrated by granitic 
stringers that nothing of the nature of a definite molar contact can be 
traced in the field, and probably no part of the schist in the observed 
exposures is far from one or more igneous injections. It is unlikely that 
the hornblende schist even some distance from intrusive material is 
entirely unmodified by solutions and emanations from the batholith. 
Veins of siliceous and epidotic material ramify through it, and the solu- 
tions which formed these veins have undoubtedly brought about at least 
minor transformations in the country rock. The least-contaminated ma- 
terial collected comes from high up on the northeast side of Chelan Butte. 
Here the rock is markedly schistose and possesses a very marked vertical 
linear structure brought about by the alignment of the numerous am- 
phibole needles. The rock is free of quartz and epidote veinlets and 
shows no recrystallization effects, but is traversed by a network of fine, 
almost microscopic veinlets of calcite. Neglecting the calcite in these 
veins, the rock in thin section is seen to be composed of amphibole, plagio- 
clase (An 42), biotite, epidote, orthoclase, quartz, titanite, apatite, and 
magnetite, named in order of decreasing abundance. The chemical 
analysis and norm of the rock are given in column 4, Table 1, together 
with a recalculated analysis eliminating the calcite (column 4a). The 
amphibole in this rock is of rather peculiar nature. It has the prop- 
erties of hornblende, but differs from the hornblende of the granodiorite 
in having slightly lower indices, and in the fact that pleochroism parallel 
to Z is bluish green instead of the dark-green-.color characteristic of the 
hornblende of the batholith. These properties probably indicate a lower 
tenor of iron in proportion to calcium and magnesium than in ordinary 
hornblende (Winchell, 1927, p. 214), but the mineral is not pargasite, 
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inasmuch as the sign is negative although the optic angle is very wide. 

Thin sections of the schist from other localities within the roof pendant, 
and from little-modified inclusions in the granodiorite, show considerable 
variation in mineral composition. In some specimens the proportion of 
epidote increases markedly; in rocks of this kind the plagioclase is of a 
much more sodic variety and biotite tends to disappear. In other speci- 
mens epidote is absent and the rock is made up almost entirely of horn- 
blende, plagioclase, and biotite. Amphibole-rich schists containing con- 
siderable quantities of diopside in large poikilitic porphyroblasts are com- 
mon in the migmatites near Chelan Station. Those have probably been 
considerably changed in composition by the invasion of the granodiorite. 

No trace of volcanic structure has been found in these schists, but from 
their mineral and chemical composition it appears probable that they 
have been derived from basic lava flows. Rocks of similar composition 
which have not been so drastically metamorphosed and which still pre- 
serve relict volcanic structures are widespread in the Methow and 
Okanogan regions to the north and in the Mount Stuart district to the 
south. 

Because of the excellent foliation the inclusions of schist enclosed 
in the granodiorite commonly have tabular outlines. Little-modified 
inclusions, as would naturally be expected, are most common near the 
contact, but they occur sporadically throughout the entire zone. 

Rarely, inclusions identical to the biotite gneiss that makes up the 
bulk of the Swakane gneiss are found. As the nearest outcrops of the 
Swakane gneiss are more than 12 miles away, it appears probable that 
these inclusions have been brought by the magma from lower depths. 


Granoblastic rocks of dioritic aspect-—Considerably more than 75 per 
cent of the inclusions in the contact breccia zone are composed of a 
fairly homogeneous rock that megascopically resembles a fine-grained, 
dark-colored hornblende diorite. In some specimens this dioritic- 
appearing rock has a completely uniform texture with no trace of 
lamination. In other specimens a very faint schistosity, brought about 
chiefly by the alignment of biotite flakes, is apparent, and by very 
diligent search specimens can be found in which this lamination becomes 
more and more pronounced until the rock grades into well-foliated 
hornblende schist of the kind previously described. Locally, the entire 
transition between the two rock varieties can be observed in a single 
xenolith; there the transition is generally quite sharp, taking place in 
a distance of less than two inches as a rule, and the zone of trans- 
formation may either occur parallel with, or may cut across, the folia- 
tion of the schist at any angle. In some cases the central core of a 
xenolith is composed of hornblende schist surrounded by the grano- 
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blastic material of dioritic aspect. More commonly a slab-like xenolith 
will have one side or one end composed of the rock of dioritic aspect 
and the other of normal schist. Xenoliths composed of alternating 
and interlocking layers of dioritic-appearing and schistose rock are also 
found. 

” Although the texture is of a somewhat sugary granular: nature, the 
resemblance of these xenoliths to the igneous rock diorite is so great 
megascopically that, in their reconnaissance across the region, Smith 
and Calkins (1904, p. 80) thought they were observing a basic marginal 
differentiate of the granodiorite which had been broken up and reinjected 
by the more acidic material in the interior of the batholith. The writer 
was similarly deceived in his first traverses across the area. The 
recrystallization of basic schists or of unmetamorphosed basic igneous 
rocks into rocks that resemble fine-grained diorites is not a rare phe- 
nomenon at igneous contacts, however. Striking examples have been 
described by Sederholm (1898), Drescher (1926), Wells and Wooldridge 
(1981), and others. Such rocks are widespread along the borders of 
the Coast Range batholith of British Columbia. Not only is the rock 
at Chelan Butte clearly transitional to, and obviously derived from, 
hornblende schist, but the resemblance to diorite also completely van- 
ishes in thin section. Under the microscope, all specimens of this rock 
have a typically crystalloblastic texture (Pl. 3, fig. 2) with absolutely 
no tendency toward a definite order of crystallization. Each mineral 
includes and is molded upon every other mineral. In actual mineral 
composition, different specimens show considerable variation, and there 
may even be marked changes in a single xenolith. Hornblende and 
feldspar are the two most abundant minerals. Biotite is common in 
most specimens, and quartz is also almost invariably present. Nearly 
all specimens contain small amounts of epidote, magnetite, apatite, 
and titanite. The nature and abundance of the feldspar varies in 
different xenoliths. In some, plagioclase predominates, in others ortho- 
clase or more rarely microcline. Where the potash feldspar is more 
abundant it is commonly found as large porphyroblasts which give the 
rock a spotted appearance (PI. 5, fig. 1). The edges of these porphyro- 
blasts are sieve-like and are crowded with chadacrysts of all the other 
minerals, and even the central parts are not entirely free of inclusions. 
Some plagioclase occurs as porphyroblasts, but more commonly appears 
as allotriomorphic grains of the same size as the other constituents of 
the rock. In different specimens the plagioclase ranges in composition 
between An 9 and An 42. In most inclusions it averages about An 20. 
It is, therefore, considerably more sodic than either the normal plagio- 
clase of the granodiorite or that of the hornblende schist. The horn- 
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blende and biotite of the dioritic-appearing xenoliths are identical in 
optical properties with those of the adjacent granodiorite, though some 
of the hornblende is cloudy and slightly variable in pleochroism, espe- 
cially in the centers of the larger crystals. In one thin section a few 
relict fragments of the bluish green amphibole characteristic of the 
hornblende schist are seen to be completely surrounded by green horn- 
blende which has grown around them in optical continuity. 

There is no evidence that these granoblastic rocks of dioritic aspect 
have been assimilated in their present condition by the invading magma. 
They invariably have outlines that are jagged and irregular with no 
rounding of the corners. Many slab-like xenoliths. of this rock, 10 to 
20 feet in length and only a few inches in thickness, are immersed in 
the granodiorite. Such xenoliths, despite their small thickness, show no 
evidence of having become softened and plastic while in the melt, but 
are typically linear and straight and have not been bent, folded, pulled, 
or thickened, as commonly happens where schists are in process of 
dissolution in an invading magma. Where differential stresses have 
deformed this type of inclusion they have broken by a clean fracture 
which is filled from the adjacent granodiorite (Pl. 3, fig. 1). Some of 
the inclusions have been greatly broken up and shattered, however, and 
it is undoubtedly true that the magma in the contact breccia zone has 
been contaminated to some extent by mechanical incorporation of mate- 
rial broken from shredded xenoliths (Fig. 1; Pl. 3, fig. 3). 


Sponge-like and massive amphibolites—Coarse-grained amphibolites 
composed mainly of crystals of hornblende, some of them more than 
a centimeter in length, are also common as fragments within the contact 
breccia zone. Many rock exposures show that they are closely related 
to the granoblastic rocks of dioritic aspect, occurring very commonly 
with this rock as parts of a single xenolith (Figs. 2,3). In many speci- 
mens the amphibolite partially or completely surrounds a dioritic- 
appearing xenolith (Fig. 2) or is irregularly intergrown with it in the 
most intimate fashion (Fig. 4; Pl. 4, fig. 1). Every transition between 
the two rocks can be found; some can even be demonstrated in a small 
hand specimen. The dioritic rock becomes more coarsely crystalline, the 
hornblende in particular growing larger with respect to the other con- 
stituents. The next step is the segregation or complete removal of the 
salic constituents and the rock thus becomes transformed to an amphi- 
bolite made up almost entirely of hornblende, or else into the peculiar 
sponge-like amphibolite to be described. However, in many cases the 
amphibolite occurs as discrete fragments which show no obvious con- 
nection with the rocks of dioritic aspect. These amphibolitic inclusions 
are more common near the outer border of the contact breccia zone 
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than elsewhere. The most favorable place that has been found for 
their study is on the southern wall of the Columbia River canyon in 
Sections 16 and 17, Township 26 North, Range 22 East. The massive 
varieties of amphibolite are somewhat variable but are made up prin- 


Fiaure 1—Xenoliths with granoblastic texture 


Process of mechanical fragmentation and incorporation of xenoliths (fine lines) in the 
matrix. Areas of coarser texture, transitional to amphibolite (closely spaced lines). In 
lower half, small, completely fragmented inclusions are largely converted into sponge-like 
amphibolite (coarse lines). Length of specimen, 13 inches. 


cipally of coarse crystals of hornblende; some are wholly unoriented, 
but more of them have a crude gneissic banding, and still more have 
a well-developed linear structure. Amphibolite inclusions with linear 
structure are indistinguishable from the schlieren which occur throughout 
the batholith. Although by far the most abundant constituent of the 
amphibolite is hornblende, most specimens contain 5 to 15 per cent of 
biotite, and usually a small amount of feldspar and quartz. The texture 
of the amphibolite is rather peculiar. If the external boundaries of 
the crystals alone are considered one might say that the rock has an 
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igneous texture of the hypidiomorphic granular type, for the hornblende 
and biotite are commonly fairly idiomorphic, plagioclase hypidiomorphic 
to allotriomorphic, and quartz and potash feldspar allotriomorphic. 
However, if inclusions within crystals are considered the texture must 


Ficure 2—Transformation of inclusions 


Granoblastic rock resembling diorite (fine lines) transformed to amphibolite (coarse lines). The 
matrix (blank) consists chiefly of granodiorite pegmatite. Length of specimen, 2% feet. 


be described as crystalloblastic, for every mineral includes every other 
mineral. In the more massive varieties of amphibolite, feldspar is in 
very small amount or is totally absent. However, in another kind 
of amphibolite which is commonly intergrown with the rocks of dioritic 
appearance, feldspar and quartz are present in considerable quantity, 
and they show a tendency, more or less pronounced in different speci- 
mens, to segregate into ovoid patches and irregular aggregates instead 
of being dispersed uniformly throughout the mass of the amphibolite. 
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Many of these felsic constituents appear to have run together into 
large bulbous clots, or to have developed crude vein-like masses which 
ramify through the hornblendic material with extremely irregular bound- 
aries. This segregation of the quartz and feldspar gives rise in places 
to very unusual-appearing rocks which consist of interlocking sponge- 


Ficure 3.—Deformation of a zenolith 


Core of granoblastic texture (fine lines) and a margin of amphibolite. The 
amphibolite flows; the granoblastic rock breaks. Length of inclusion, 3 feet. 


like masses of amphibole filled with rounded, amoebaform, or wholly 
irregular patches of the light-colored constituents. In still other cases 
the felsic constituents may be segregated as a rim or border around 
the periphery of the amphibolite inclusion, and may even fade out 
into the contaminated granodiorite that forms the matrix of the 
contact breccia zone. The feldspar of these felsic segregations is 
commonly oligoclase with subordinate orthoclase, but potash feldspar 
predominate in some. In addition to the feldspar and quartz there 
is a small amount of epidote in almost all segregations. Very commonly 
the quartz and feldspar are intergrown in graphic or in crude grano- 
phyrie structures. 

Both the sponge-like and the massive amphibolites show relations 
to the surrounding matrix very different from those characteristic 
of the diorite-appearing rock. In place of the sharp irregular bound- 
aries, the amphibolites show smooth ovoid outlines or they grade off 
more or less gradually into the matrix of the breccia (Pl. 4, fig. 3). 
The sponge-like amphibolites are the more irregular, and where they 
have been affected by flowage movements many of them appear to 
be in process of breaking up with the release and flowing out of the 
felsic patches and the welding together of the remaining amphibolitic 
sponge into massive amphibolite. There is much evidence to show that 
the amphibolite was greatly softened and participated in the flowing 
movements that affected the matrix of the breccias. The amphibolite 
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inclusions are commonly pulled out into long linear streaks parallel 
with the direction of flow of the magma and have thus given rise to 
banded gneisses consisting of alternate layers of mixed rocks (Pl. 4, 
fig. 3). Amphibolitic bands have been bent and folded, thus attesting 
to their plasticity while immersed in the magma. That the horn- 
blendic constituents of the amphibolite were not in a molten condition 
is indicated, however, by the fact that the dark amphibolitic layers 
are commonly fractured where the bending has been most pronounced. 
Also, a considerable number of amphibolite inclusions have not been 
drawn out in streaky bands but still preserve fairly equidimensional 
outlines. The corners of many such blocks are rounded, however, and 
a trail of amphibolitic material is drawn out from some of them in 
the direction of flow banding. In a xenolith composed partly of 
amphibolite and partly of the rock of dioritic aspect the dioritic part 
deforms by fracture, whereas the amphibolitic part may flow (Fig. 3). 


Aberrant rock varieties——Certain rare rock types found within the 
contact breccia zone differ from any heretofore described. In the 
vicinity of Chelan Station the granodiorite has intimately penetrated 
the hornblende schist, following the planes of schistosity and con- 
verting the rock into a typical striped migmatite (Pl. 5, fig. 2). 
Locally in this area of migmatites, bands are made up almost entirely 
of diopside, epidote, and plagioclase, with or without garnet. Locally 
they may also contain abundant hypersthene. On the north slope of 
Chelan Butte, near the summit, similar pyroxene-rich rocks occur as 
layers within the hornblende schist, into which some of them grade. 
These pyroxenic rocks are believed to represent recrystallized and 
metasomatized limestones formerly associated with the lavas from 
which the hornblende schists were formed. 

In some places, well illustrated by the peaks just east of the central 
part of Knapp Coulee, the hornblende schist at the contact with the 
granodiorite has been recrystallized into an exceedingly coarse grained, 
but variable amphibolitic rock which contains hornblende crystals up 
to 11% inches in diameter and 8 to 12 inches long. Nearly all these 
crystals are sieve-like and poikilitically enclose abundant masses of 
feldspar, epidote, and quartz. Abrupt variations in texture and min- 
eral composition are characteristic of this rock. Still another form 
of recrystallized hornblende schist which is somewhat more common 
than the coarse-grained aggregates just described is a medium- to 
coarse-grained rock, commonly with a crude gneissic banding, though 
some is unfoliated, which is made up of alternating foils of hornblende 
and biotite woven about epidimensional crystals of plagioclase, epidote, 
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garnet, and pyroxene. It seems to have undergone much less meta- 
somatism during recrystallization than the granoblastic rocks of dioritic 
appearance—a fact that is readily apparent from the chemical analysis 
of a specimen of this kind listed in Table 1, column 7. 


Ficure 4—Relation of inclusions 


Granoblastic texture (fine lines) to amphibolite (coarse lines). Variability of matrix shown 
by intensity of stippling. Drawn from a photograph. Length of outcrop, 12 feet. 


Matriz of the contact breccias.—In general the xenoliths are immersed 
in a matrix that is similar in composition to the marginal granodiorite 
facies of the main batholith, although it shows considerable structural 
and petrographic modifications over short distances (Fig. 4; Pl. 4, 
fig. 1). On the average this matrix is deficient in dark minerals, 
especially hornblende, as compared with the more normal grano- 
diorite. Locally, however, the matrix has much more hornblende than 
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the original granodiorite and may actually pass into peculiar horn- 
blende-rich dioritic rocks in which the amphibole makes up as much 
as 40 per cent of the bulk composition. In these rocks the hornblende 
crystals are variable in size, and some are segregated into conspicuous 
clots. The obvious suggestion that such amphibole-rich portions of 
the magma were formed by contamination through the mechanical 
disruption of the dioritic-appearing and amphibolitic xenoliths has 
much to support it, and the processes of disintegration and incorporation 
are well shown in many places (Fig. 1; Pl. 3, fig. 3; Pl. 4, fig. 3). Whether 
or not it all originated in this way cannot be definitely established, 
however. 

Rocks which are more acidic than the average granodiorite are much 
more abundant than hornblende-rich types. The most common variety 
has precisely the same mineral composition as the ordinary granodiorite 
except for the almost complete absence of hornblende and biotite, aside 
from scattered crystals and clots which may well be xenocrysts. This 
kind of rock, which is similar in mineralogy to a granodiorite pegmatite 
but is not characterized by an increase in grain size, shows every grada- 
tion into normal granodiorite. Much of it is similar in texture and 
mineralogy to alaskite. Changes in composition, and particularly the 
gradation to normal granodiorite, may often be observed within the con- 
fines of a single narrow vein in the contact breccia zone (PI. 4, fig. 2). 
In places, amphibolitic inclusions are margined by this leucocratic rock 
which grades off laterally into normal granodiorite (Pl. 4, fig. 1). 

A less abundant variety of pegmatite with a granophyric matrix 
in which orthoclase and quartz occur in crude graphic structures is 
locally found. It is even more variable in composition than the 
alaskitic rocks, the dominant feldspar being albite, oligoclase, ortho- 
clase, microcline, or microperthite in various specimens. Most of it 
contains some epidote, and, rarely, tiny crystals of pink garnet. This 
rock is identical in composition to the felsic segregations discussed in con- 
nection with the sponge-like amphibolites; it is also commonly associated 
with these segregations in the field, and is much more common in the 
proximity of numerous amphibolitic inclusions than elsewhere. 

There seems to be no sequence in age among the various kinds of 
granitic rock that form the matrix of the breccia. Each variety cuts 
every other variety, or will be found to grade into it. They also cut 
across all the different kinds of xenoliths. An interesting fact that 
may be of significance is that pegmatites were not found in any part 
of the batholith outside the contact breccia zone. Granophyre dikes 
are common at some localities, however. 
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INTERPRETATIVE PETROLOGY 
SUMMARY OF THE FIELD RELATIONS 


The results of the field and laboratory study may not be stated 
summarily: 

(1) At Chelan Butte the marginal granodiorite facies of the Chelan 
batholith is intrusive into a roof-pendant of hornblende schist which 
was probably formed by the regional metamorphism of basic lavas. 

(2) The intrusive has intimately penetrated the schist, both along 
the schistose planes to form typical striped migmatites, and as veins 
and dikes which cut through the schist irregularly subdividing it into 
fragments with angular outlines. Detachment and movement of the 
disengaged blocks resulted in strewing the material throughout the 
marginal granodiorite and has produced a contact breccia zone sev- 
eral miles in thickness. This breccia has no definite borders either 
toward the central part of the intrusive or toward the still coherent 
parts of the roof pendant. 

(3) Fragments of schist caught up in the granodiorite have under- 
gone a considerable number of changes. The first of these seems to 
be a thorough baking of the rock accompanied by feldspathization 
and silicification. As a result the original hornblende schist is con- 
verted into a rock with granoblastic texture which megascopically 
resembles a fine-grained diorite. 

(4) With continued modification the dioritic rock is made over into 
coarse-grained amphibolites by growth in grain size of the hornblende 
and concomitant segregation and expulsion of the felsic constituents. 

(5) During these changes the matrix of the contact breccia becomes 
variable in composition and develops flow structures. The average 
composition of the matrix is more acidic than that of the normal 
granodiorite. 

The writer’s interpretation of how these changes were brought about 
will now be outlined: 


FELDSPATHIZATION AND RECRYSTALLIZATION OF THE HORNBLENDE SCHIST 


The field relations leave little doubt that the granoblastic rock of 
dioritic appearance has been derived from the hornblende schist as 
the result of various processes to which it was subjected within the 
contact breccia zone. Simple recrystallization by heat alone would 
account for the disappearance of schistosity and the development of 
the granoblastic texture of the rock, but both the petrographic study 
and the chemical analyses show that there have been considerable 
changes in composition during the transformation. Under the micro- 
scope it can be seen that the granoblastic rocks of dioritic aspect are 
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considerably richer in quartz, potash feldspar, and sodic plagioclase 
than the original schist. These changes are also indicated by a chem- 
ical anaiysis of one of the dioritic-appearing rocks (column 5) which 
is alongside a chemical analysis of the essentially unmodified schist 
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Ficure 5.—Diagram to show composition of material added to schist 


For analyses of granoblastic rock resembling diorite (5) and hornblende schist freed of 
calcite (4a), see columns 5 and 4a of Table 1. For composition of material added to 
hornblende schist to form granoblastic core of xenolith (A), see column A of Table 2. 


(column 4a) in Table 1. By plotting these two analyses in the form 
of an ordinary variation diagram (Fig. 5) a rough approximation of 
the composition of the material added to the schist may be obtained. 
By drawing straight lines connecting the plotted points for various 
oxides and projecting these into the silica rich field it will be seen that 
the line for magnesia goes to 0 at 66 per cent silica. The material 
added to the schist must therefore have a composition lying in the 
field between 66 per cent silica and the composition of the grano- 
blastic rock. Assuming that the added material contains 66 per cent 
silica, its total composition as read from the graph (Fig. 5) together 
with its normative composition, is given in Table 2, column A, and 
confirms the microscopic evidence that the added material is almost 
entirely quartz and feldspar. 

It is evident that, during the process of feldspathization, consider- 
able volume changes took place in the inclusions. Expansion of the 
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blocks during transformation is probably the explanation of the tendency 
of the dioritic-appearing rocks to split up, and even to be mechanically 
subdivided into small shreds, which is such a conspicuous feature at many 
places in the contact breccia zone. The mechanical disintegration of 
fine-grained basic xenoliths undergoing a somewhat similar process of 
transformation has been traced in detail by Nockolds (1932, p. 444-449) 
in the granite of Bibette Head, Alderney. 


TaBLe 2—Composition of material added to and removed from 


xenoliths 
Constituents A B 
Norms 


A.—Composition of material added to hornblende schist (Column 4a, Table 1) 
to form granoblastic core of xenolith (Column 5, Table 1). For method of deter- 
mining composition, see Figure 5. 

B.—Composition of material removed from granoblastic core of xenolith (Column 
5, Table 1) to form amphibolitic margin of the same xenolith (Column 6, Table 1). 
For method of determining composition, see Figure 6. 


Much the same relations are found in the migmatites at Beebe and 
Chelan Station. Feldspathization of the schistose bands is promi- 
nent, and has evidently been brought about by an advancing vanguard 
of solutions and vein-like injections from the main batholith which 
have intimately penetrated and reacted with the schists. Similar 
examples of feldspathization are well known and have been repeatedly 
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described. The feldspathization of the hornblende schist at Chelan 
Butte is analogous to the classic example described by Lacroix (1899) 
and subsequently confirmed by Erdmannsd6rffer (1914) in the Pyrenees. 

As a result of feldspathization the recrystallized hornblende schist 
of the Chelan area approaches the composition of the adjacent grano- 
diorite very closely in many places. This is well shown by comparing 
the analysis and normative composition of the marginal granodiorite 
(Column 1, Table 1) with that of the granoblastic core of a xenolith 
(Column 5, Table 1). This type of transformation is therefore very 
similar to the processes which have been described under the term 
“granitization,” but it should be emphasized that in the Chelan region 
the resultant granitized product, though similar to the granodiorite 
in chemical composition, is characterized by a distinctly metamor- 
phic texture under the microscope, and furthermore it has a different 
mineralogy. Hornblende is more abundant in the xenolith than in 
the granodiorite, and the plagioclase of the xenolith is invariably of 
more sodic composition than that of the granodiorite. A consider- 
able amount of the lime content of the xenolith appears to be present 
in minerals other than plagioclase. Most of the potash is contained in 
feldspar; whereas in the granodiorite much of the potash is in biotite. 


DIFFERENTIAL ASSIMILATION OF THE RECRYSTALLIZED SCHIST FRAGMENTS 


The transition from the feldspathized schist fragments with their 
sharp angular outlines to the sponge-like and massive amphibolites 
is clearly the result of the segregation and removal of the felsic con- 
stituents from the hornblende and biotite, accompanied by a great 
increase in the grain size of the latter minerals. The explanation of 
these transformations appears to be that with further contact with 
the magma the dioritic-appearing inclusions begin to dissolve and to 
become incorporated into the magmatic mass. The solution, however, 
appears to have acted differentially, as there is no evidence of the 
hornblende entering into the molten state, it being only the salic 
constituents of the original dioritic inclusions that become partially 
or completely molten. Concomitant with the dissolving of the light- 
colored components the hornblende crystals grow larger. This increase 
in grain size may be due to recrystallization of the small hornblende 
crystals present in the inclusion, but it appears more probable that 
the increase in grain is brought about through the accretion of horn- 
blendic material from the adjacent granodiorite, which was very likely 
saturated with hornblende at the temperatures prevailing about the 
transforming inclusion, and so would be likely to precipitate horn- 
blende upon the crystals of the inclusion instead of forming new cen- 
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ters of crystallization. It has already been emphasized that the matrix 
surrounding these inclusions is commonly an alaskitic type of rock, 
similar in texture and composition to the normal granodiorite except 
for a marked impoverishment in hornblende. 

As a result of the running together of the now-liquid felsic con- 
stituents the dioritic-appearing inclusion would be transformed into a 
spongy skeleton of loosely interlocking hornblende crystals with liquid 
material occupying the interspaces. Any movement of this fragile 
mass would result in the compaction of the hornblendic network and 
the squeezing out of the interstitial liquids. These expelled liquids 
might then mix with, and become an integral part of, the adjacent 
granodiorite, or they might simply run together and form ovoid, 
amoebaform, or irregular segregations within the body of the inclu- 
sion, or develop into irregular dike-like masses penetrating it. Under 
certain conditions they would ooze out to the border of the inclusion 
and form a selvage of material that would superficially have the 
appearance of a pegmatite reaction rim. The fact that the massive 
amphibolite inclusions are of higher specific gravity than the recrys- 
tallized schist from which they were derived, and the presence of the 
irregular-shaped segregations of the salic components in some of the 
amphibolites, are easily explained as due to the complete expulsion 
or segregation of the interstitial liquids. 

In this way the disintegration, strewing about, rounding off of the 
corners, and pulling out of the amphibolite into streak-like bands are 
readily explained. A sponge-like mass of hornblende crystals filled 
with interstitial liquids could easily be mechanically disrupted and 
incorporated in the surrounding magma. It would also exhibit a certain 
amount of plasticity and could be drawn out into linear bands and 
schlieren-like masses which might be subsequently folded and contorted 
similar to the amphibolite bands previously described and illustrated. 
At one point an exposure of sponge-like amphibolite was found which 
shows that locally, at least, even the hornblendic skeleton of the sponge 
was softened sufficiently to be capable of injection. This locality is 
the westernmost of the three knobs on the south bank of the Columbia 
River about a mile southeast of the mouth of Knapp Coulee. Here a 
large mass of sponge-like amphibolite sends a definite apophysis into 
a crack in the country rock. The hornblende crystals are aligned 
parallel to the walls of the crack by flowage. This locality is also of 
interest because a lamprophyre dike shows relations to the sponge- 
like amphibolite that are not easy to interpret. The dike is about 2 
feet thick and is crowded with small clots of hornblende crystals— 
obviously fragments of disrupted sponge-like amphibolite. These 
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clots make up approximately 40 per cent of the volume of the dike. 
Between the amphibolite clots, hornblende, biotite, plaglioclase (An 
27), orthoclase, quartz, iron ore, apatite, and titanite have crystal- 
lized into a fine-grained groundmass with an average grain size of 
about 2.0 mm. Both the composition and the texture of the rock are 
highly variable along the course of the dike, however. At one point 
where the dike is in contact with sponge-like amphibolite there is no 
definite border between them and it appears that the amphibolite is 
actually flowing into the dike. At another point, however, the dike 
cuts a second mass of sponge-like amphibolite with a clean contact. 
Are some lamprophyres formed by the injection of material derived 
from partially or completely melted xenoliths? 

The selective solution of the dioritic-appearing xenoliths appears to 
furnish confirmation of the mechanism of magmatic incorporation of 
inclusions postulated by Bowen (1922; 1928, p. 197-200). It should 
be emphasized again that the plagioclase of the feldspathized schists 
has an average anorthite content of only Au 20, and thus is consider- 
ably more sodic than that of the plagioclase which crystallized from 
the surrounding granodiorite. If the granodiorite magma in which 
the inclusions were engulfed had developed from an original more- 
basic parental magma according to the reaction principle, it would 
be effectively saturated with hornblende at the time the inclusions 
came in contact with it, but would not be saturated with respect to 
the feldspars and quartz of the xenoliths, because these are minerals 
that form later in the reaction series. Therefore the magma would 
have no appreciable effect upon the hornblende in the xenoliths except 
to make it over into the particular type of amphibole with which the 
magma was saturated at the moment, perhaps adding to its grain 
size meanwhile by increments of hornblendic material from the magma. 
At a later stage it might convert the hornblende into biotite. On the 
other hand the quartz and feldspar of the xenolith might actually 
become liquid as the result of reactive solution of the surrounding 
magma. The problem of the heat necessary for solution can be satis- 
fied by the simultaneous precipitation of the heat equivalent of the 
minerals with which the surrounding magma was saturated—in this 
case, principally hornblende. The selective solution of the minerals 
in the xenoliths is thus explained by their position in the reaction series 
with respect to the minerals with which the surrounding magma was 
in equilibrium. 

The increase in size of the hornblende crystals in the amphibolite 
over those in the xenoliths of dioritic appearance presents an ‘inter- 
esting problem. If the increase in size of the hornblendes is due to 
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successive increments from the surrounding magma, the hornblendes 
at the border of the inclusion should attain a greater size than those 
in the center of the inclusion, because a composition gradient would 
soon be set up by transfer of material. In a number of inclusions 
which have a core of dioritic-appearing rock and a periphery of 
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Ficure 6.—Diagram to show composition of material 
removed from granoblastic zxenolith in transfor- 
mation to amphibolite 


For analyses of granoblastic xenolith (5) and amphibolitic 
margin (6), see columns 5 and 6 of Table 1. For composition 
(B), see column B of Table 2. 


amphibolite, such a variation in size of the hornblende crystals is an 
obvious fact, but this relation is by no means universal. In many 
amphibolite inclusions the variation in size of the hornblende crystals 
occurs in no definite manner. In the massive amphibolites and in the 
sponge-like types which have undergone considerable compaction the 
variation in size of crystals may be irregular and abrupt. 

From a large xenolith which contains a core of dioritic-appearing 
rock surrounded by a shell of sponge-like and massive amphibolite, 
samples were selected for chemical analysis (columns 5 and 6, Table 
1). By the same method used in ascertaining the composition of the 
material added to the xenolith during feldspathization, the composition of 
the material dissolved out of the dioritic-appearing rock (B, Table 2) can 
also be approximated (Fig. 6). It turns out to be very similar in 
composition to the material added to the schist during the process of 
feldspathization. In the transition from the dioritic-appearing to the 
amphibolitic stage, therefore, there is a general return in chemical 
composition to a rock approximating the chemical character of the 
hornblende schist. It will be noted, however, that the amphibolite 
is richer than the original hornblende schist in the alkalies. The 
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example selected for analysis even shows a small amount of normative 
nepheline. 

In the process of feldspathization there is a marked tendency for 
the inclusion and its host to approach the same chemical composition, 
a3 a result of introduction of salic components from the magma into 
the xenolith, and the modification of the original ferromagnesian min- 
erals of the inclusion to the kinds with which the surrounding magma 
is saturated. During the assimilation of the feldspathized fragments, 
however, inclusions and magma diverge: in composition, the inclusion 
gaining hornblendic material from the magma and releasing feldspar 
and quartz. This suggests that the first process is primarily the result 
of pyrometasomatism and reactive replacement, the second due to 
melting and concomitant precipitation of the heat equivalent of the 
melted substances, mainly in the form of hornblende. 


A SUGGESTION REGARDING THE ORIGIN OF BASIC SCHLIEREN AND LAMPROPHYRES 


Much has been written about the origin of basic schlieren? in granitic 
masses. There seems to be little reason to doubt that the dark aggregates 
of minerals found in plutonic rocks, which in granites are generally in- 
cluded under the term schlieren, are polygenetic. The tendency for 
phenocrysts in lavas to form glomeroporphyritic clots is well known and 
some authors have deduced clear evidence that the basic clots in certain 
deep-seated intrusions are similar segregations of the early-crystallizing 
components of the magma (Cloos, 1928, p. 248; Balk, 1931). On the other 
hand, many authors have advanced equally strong evidence for consider- 
ing the basic schlieren of certain granites to be reconstituted inclusions 
of country rock (Thomas and Smith, 1932; Iwao, 1936). 

In the Chelan batholith, coarse-grained hornblende-rich schlieren are 
abundant. In the contact breccia zone it can be demonstrated that there 
is every transition from these so-called schlieren to amphibolitic inclusions 
which show by their relations that they have obviously been derived from 
the reconstitution of foreign inclusions of hornblende schist. Where such 


®2Since this paper was written, a very important article by Grout (1937), on the basic inclusions 
of granites, has appeared. Grout makes the same suggestion as is here put forward for the origin 
of lamprophyres, and also presents similar, but by no means identical, views on the origin of 
schlieren. Although gratified that Grout has reached similar conclusions from his studies of many 
occurrences, I do not share his enthusiasm for this mode of origin to the extent of agreeing that 
“a heavy burden of proof rests upon anyone who claims to have a segregated lump,” nor can I 
agree with his adverse criticism of Pabst’s work on the “autoliths’’ of the Sierra Nevada. From 
some slight knowledge of the Sierra occurrences, I am wholly in favor of the cautious point of 
view adopted by Pabst. Grout’s discussion of the Sierra is somewhat confused, inasmuch as two 
of the papers he cites and reviews describe areas that, though in California, are not in the Sierra 
Nevada. 

Cannot inclusions be polygenetic? There is no doubt that segregation of early crystallizing con- 
stituents does take place at depth; witness the common clotting of intertelluric phenocrysts in 
lavas. As such glomeroporphyritic clots are found even in basaltic glasses, there can be no doubt 
that segregation occurred prior to extrusion. 
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schlieren occur outside the contact breccia zone, and are not intimately 
related to fragments of the dioritic-appearing rocks or to other definite 
types of inclusions, conclusive direct evidence for relating them to a 
foreign source disappears, for they are composed of precisely the same 
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Ficure 7.—Variation diagram showing relation of schlieren to 

other components of the Chelan batholith 


For analyses of schieren, granodiorite, and quartz monzonite, see columns 3, 
1, and 2, respectively, of Table 1. 


minerals as the surrounding granodiorite. In such cases, petrographic 
criteria seldom give conclusive evidence on the problem, as Pabst (1928) 
has clearly demonstrated in an admirable paper on inclusions of uncertain 
origin in the intrusive rocks of the Sierra Nevada. There are, however, 
some bits of evidence that favor the hypothesis that in the Chelan area 
these basic clots have been derived from reconstituted xenoliths. For 
one thing, the schlieren show the same peculiar texture as the amphibolite 
inclusions—a texture that is neither obviously igneous nor clearly meta- 
morphic. Another very characteristic feature of the schlieren is that they 
are considerably higher in the alkalies, especially potash, than would be 
expected of a segregation composed of early-crystallizing components. 
This relation, as well as the obvious fact that the schlieren cannot hold a 
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direct parental relation to the granodiorite and quartz monzonite of the 
Chelan batholith, is brought out by plotting the analyses of the schlieren, 
granodiorite, and quartz monzonite in the form of a variation diagram 
(Fig. 7). The richness in potash seems to be due to the considerable 
development of both biotite and potash feldspar in the schlieren. The 
fact that the schlieren are commonly richer in biotite than are the 
amphibolite inclusions may only be due to the fact that they have been 
immersed in the magma for a longer time, thus allowing the discontinuous 
reaction, hornblende to biotite, to go more nearly to completion. The 
analysis of schlieren from the Chelan mass is very similar to the analysis 
of amphibolite around the border of a dioritic-appearing inclusion in the 
contact breccia zone (Table 1, columns 3 and 6). The work of Beger 
(1928, p. 461-468), who has made a detailed study of the chemistry of 
basic schlieren, shows that these little-understood clots in granitic rocks 
are characterized by a high content of alkalies the world over. Insofar 
as this chemical evidence goes, therefore, it favors the hypothesis that 
basic schlieren represent undigested and reconstituted inclusions of wall 
rock. If they have originated in the manner of the amphibolites in the 
contact breccia zone at Chelan Butte, however, they can hardly be spoken 
of either as xenoliths or as autoliths, for in reality they represent masses 
of foreign material left over in the process of assimilation, upon which the 
magma has actually segregated additional substance, resulting in the 
growth of some of the minerals by accretion of magmatic substance. Thus 
they are essentially hybrids, but differ from true hybrids in that they 
have never passed completely through a molten state. 

As many of these masses may form during the early stages of the 
batholith while it still has a great deal of internal energy, it is not incon- 
ceivable that locally they might be melted sufficiently to become even 
more liquid than the stage:represented by the sponge-like amphibolite, 
and so be capable of injection as dikes. The injection of a small mass 
of sponge-like amphibolite into a fracture has already been described, and 
the extremely puzzling relations of a lamprophyre dike to sponge-like 
amphibolite on the south wall of the Columbia Canyon has also been com- 
mented upon. Relations of similar nature have been cited by others 
(Sederholm, 1926, p. 18, 112; Goodspeed, 1927, 1929) and the textural 
similarity of recrystallized and half-melted inclusions to some lampro- 
phyres has often been commented upon. It is even interesting to note 
that recent studies have shown that the famous lamprophyres of the 
Odenwald—the so-called beerbachites—are not lamprophyres at all, but 
are true hornfelses (Klemm, 1926; MacGregor, 1931). 

Beger (1923), who has written a comprehensive and illuminating book 
on the lamprophyres, is convinced that these basic dikes originate from 
early-separating crystals and schlieren which have sunk into a lower 
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zone, remelted, and then been reinjected to upper levels. The same 
hypothesis has been independently advocated by Behrend and Berg 
(1927, p. 76), Vogt (1929, p. 50), and others. If schlieren are really formed 
from foreign inclusions in the manner demonstrated at Chelan Butte, 
Beger’s hypothesis meets with less difficulty, for lamprophyres may then 
be formed during the early stages of the solidification of a batholith when 
the heat problem for assimilation of fragments (early-crystallizing con- 
stituents in Beger’s original hypothesis) is not so acute. Also, there is no 
necessity to sink the crystalline materials to a deep level, melt them, and 
then bring them back up to the precise level of the contacts. The mechan- 
ical difficulties of this downsinking of crystals and later resurgence of the 
newly formed melt constitute a real stumbling block to the original 
hypothesis, especially when one considers that lamprophyres are found 
near the contacts, and not as intrusions into the cores of the batholith.® 

That lamprophyres actually do form early in the history of an intrusion, 
despite the oft-repeated dictum that they are the “last manifestations 
of a batholith,” is indicated not only by their location in the immediate 
vicinity of the contacts and their extreme rarity or complete absence in 
the deeply dissected centers of intrusions, but also by the fact that some 
of them are fragmented and disrupted by continuation of movement in 
the granitic rock surrounding them (Knopf, 1918, p. 72; Sederholm, 1926, 
p. 21; Balk and Grout, 1934, p. 627), and by the occurrence in some intru- 
sions of “early border facies” of lamprophyric composition (Grubenmann 
and Hezner, 1916; Beger, 1923, p. 452-460; Erdmannsdorffer, 1924, 
p. 199-200). 

Lamprophyres are a very large, ill-defined, imperfectly known, and, 
one might almost say, a “wastebasket group” of rocks. It is not intended 
to imply that this modified hypothesis of Beger will account for the origin 
of all rocks which have been assigned to this diversified group. In fact the 
understanding of the lamprophyres has been hampered too long by various 
genetic implications, some of which have even been attached to them by 
definition. Hypotheses may collapse and their debris be cleared away 
with ease, but when the classification of a rock group is also built into the 
superstructure of an hypothesis its failure leaves a tangle which impedes 
further progress. 
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INTRODUCTION 


STATEMENT OF UNDERTAKING 


The northwest coast of Lake Superior in Minnesota presents an almost 
unbroken line of rock exposure. It forms the southeast boundary of a 
great half-moon’ of Keweenawan rocks whose convex margin points 
northwest. The elongated structural basin of Lake Superior is truncated 
by the shore line in such a way that the latter trends more or less parallel 
to the strike of the bedded rocks near the middle, but toward the ends 
it intersects the strike. 

Over that portion of the shore line covered by this study namely, from 
southwest of Duluth to Two Harbors (Fig. 1), a distance of about 40 
miles, the shore intersects the strike of the east- to southeastward-tilted 
Keweenawan strata at angles of from 50 to 15 degrees, exposing the 
eroded edges of the beds along the lake front (Pl. 4, fig. 1). This makes 
it possible to run a linear traverse parallel to or along the coast line from 
southwest to northeast, intersecting progressively younger beds. 

The results of such a traverse are presented herewith (Fig. 1, A-B). 
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1 See Minnesota State geological map, or map of Lake Superior region in U. S. Geol. Survey, Prot. 
Paper 184, 1935. 
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thanks. 
SKETCH OF GEOLOGY 


Figure 2 is a diagrammatic cross section along the line A-B of Figure 1. 
The rocks in order of age are: 


Rocks AGE 
Basaltic dikes Middle Keweenawan ? 
Duluth gabbro and diabase sills Middle Keweenawan ? 
Lavas and interflow sediments Middle Keweenawan 
Basal sandstone Lower Keweenawan 
——— Major unconformity 
Carlton slate 


During, and to some extent after (Thwaites, 1935, p. 225), Keweenawan 
time this group of rocks was tilted to form the northwest limb of the 
Lake Superior structural basin. 

Although the Duluth area contains lake beds and other deposits of 
glacial origin, rock exposures are not scarce. Inland the more resistant 
rocks form extensive exposures projecting through the drift, and the 
softer rocks are exposed chiefly in the stream beds. Along the lake shore, 
waves beat against a virtually continuous rock beach, washed clean of its 
veneer of lake clays, and exhibiting glaciated surfaces with striations 
trending essentially parallel to the shore line. In working out the sequence 
of beds along the shore, one may generally supplement a gap in the record 
occasioned by a covered stretch of beach by traversing inland, particularly 
up the streams tributary to the lake. 


TRAVERSE MAPS 
PREVIOUS TRAVERSE MAPS 


In 1883, Irving (1883, pl. 26) presented a geological map of the north- 
western coast of Lake Superior, from Thompson to Pigeon Point, Minne- 
sota. He divided the series into groups (St. Louis River gabbro, Duluth 
group, Lester River group, Agate Bay group, and others). Some of these 
divisions appear, in the light of detailed work, to be more geographical 
than geological, and some of the boundaries between groups cut across the 
strike of the rocks. Specifically, comparison of Figure 4 of the present 
report with Irving’s map will show that the strike of the rocks is more 
northerly than Irving’s boundary between the Lester River and the Agate 
Bay groups, which he shows trending nearly parallel to the shore line for 
more than 20 miles. 
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In 1898, Elftman (1898, pl. 7) published a map of the Keweenawan 
area of northeastern Minnesota. His boundary between the “Temperance 
River member” and the “Beaver Bay diabase member” cuts across the 
strike of the rocks, which is more northerly than the boundary. This and 
other revisions of his map are in order, in the light of additional work in 
the past thirty years. 

Any division of the northeastern Minnesota Keweenawan flows into 
groups or members on a regional basis, even at the present time, lacks 
an adequate background of facts. ; 

In 1899, Winchell (1899, pls. FF, GG) published a strip map of the 
Minnesota shore of Lake Superior from Duluth to Pigeon Point, with 
notes on the geology. The scale is about 214 miles to the inch. 

In 1925, Schwartz (1925) published a series of route maps along the 
highway which had just been constructed parallel to the shore line (now 
U. S. Highway No. 61). His maps are on a scale of about 21%4 miles to 
the inch. 

These works were of a reconnaissance nature, covering much more 
ground than the present report, but not in such great detail. The present 
survey was plotted on much larger scale maps (400 feet to the inch), 
and the flow-by-flow sequence was worked out wherever possible. 

Lawson (1893) has described the topographic features of the Minnesota 
shore of Lake Superior. 

BASE OF KEWEENAWAN TO TOP OF DULUTH GABBRO 


The line of the present traverse begins in the Carlton slate area north 
of Fond du Lac, near the southwest corner of Figure 1 (see also Fig. 3). 
It extends northeastward through Short Line Park, into the Duluth 
gabbro. For this portion it was not possible to work out continuous de- 
tail, flow-by-flow, because of ruggedness of topography and discontinu- 
ity of exposure. Figure 3 is a map showing some of the exposures strati- 
graphically below the Duluth gabbro (southwest corner of Fig. 1). It can 
be seen that the Keweenawan sandstone and flows stratigraphically below 
the gabbro * are wedging out to the north. The thickness of lower Kewee- 
nawan sandstone given in Table 1 as 50 feet is the approximate thickness 
in section 20, Figure 3, where the relations of this member are clearer 
than farther south. About seven flow contacts can be distinguished in the 
series stratigraphically below the gabbro (Grout, 1933, p. 68), though a 
thickness of 2500 feet suggests that a greater number occur. 

No map of greater detail than Figure 3 is presented for that portion 
of the section southwest of the gabbro. 

-The gabbro itself comprises nearly 10 miles of the linear traverse. It 
was treated as a unit, and is not shown in detail. 


*The term “the gabbro” herein refers to the Duluth gabbro. 
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Ficure 3—Map of some of exposures stratigraphically below Duluth gabbro, 
southwest of Duluth 


TOP OF DULUTH GABBRO TO TWO HARBORS 

From Minnesota Point, not far from the top of the Duluth gabbro, to 
Two Harbors, a distance of more than 25 miles, it was possible to develop 
an almost continuous flow-by-flow sequence along the beach. This is 
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presented in Plates 1, 2, and 3, which comprise a series of strip maps 
(A-B to J-K) which fit together into one continuous shore-line strip. 
The traverse, by Brunton compass and pacing, was plotted in the field on 
railroad maps on a scale of 400 feet to the inch. As a mantle of lake 
clays generally extends down to within a few yards of the water’s edge, 
contacts between flows cannot be traced inland with continuity; hence, 
they were plotted as strike lines at lake level and projected inland a con- 
venient distance. Dip observations are generalized. Broken lines signify 
inferred contacts. 


COLUMNAR SECTION 


Table 1 shows the bed-by-bed sequence measured along the line A-B 
of Figure 1, in stratigraphic order. The calculated thickness of each bed 
is shown, with sub-totals carried forward. Sandstone stringers in the tops 
of flows contribute no thickness to the column, but are listed as part of 
the geologic record. The rock types are discussed later. 

The present traverse does not include the entire Keweenawan section 
exposed. Younger and stratigraphically higher beds occur northeast of 
Two Harbors, but here the angle between the shore line and the strike of 
the beds becomes so low that the strike line is scalloped by bays and 
points. This makes it necessary to correlate outcrops across bays and 
points, as at Two Harbors (Pl. 3, J-K). Moreover, intrusive bodies are 
probably not so simple as those within the section studied. Careful, 
detailed work will probably be required to determine where the north- 
eastward traverse reaches the topmost exposed flow before starting down 
in the section toward the basal Keweenawan at Grand Portage Bay. 
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Taste 1—Distribution of beds (continued) 
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Taste 1.—Distribution of beds (continued) 
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Taste 1—Distribution of beds (continued) 
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88 88 


Porphyrites, melaphyres, 1 felsite, 1 ophite (at 
least ten flows) 

Duluth gabbro 

Melaphyres and porphyrites (below Duluth 


Pi. 1 
Fig. 


Unconformity 
Carlton slate—thickness unknown 


6 


Such a thickness calculation as this may be subject to certain errors 
(Moore, 1933, p. 94). These are: 
(1) Errors in field observations, including undetected changes in dip, 


or duplication of beds by faulting. 
(2) Reckoning of apparent rather than real thickness where beds have 


a shingled, foreset structure. 
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Taste 2.—Summary of thickness by rock types 


Rocks (rest) (FEET) 
Melaphyre and porphyrite, undifferentiated............... , 868 
Melaphyre and ophite, undifferentiated................... 3,046 
Acid extrusives: ‘ 
2,462 
Inter-flow fragmental rocks 
Amyegdaloidal 59 
Basal sandstone (Lower 50 
Total extrusives and related sediments. (20 , 856) 
Intrusive rocks: 
18 ,626 
Total thickness of Keweenawan 39,482 


Dip observations are available at short intervals over the whole sec- 
tion studied, and show a progressive change which has been taken into 
consideration. 

Study of the flow sequence and careful field search do not indicate that 
an appreciable duplication of beds, if any, had resulted from faulting. 
The absence of dip faulting is indicated by the persistence of individual 
beds along the strike (Figs. 4 and 5). 

As to the second source of error—that is, shingling of the layers—a 
minor amount of this may be possible, but it does not seem likely that 
any serious error is involved. According to the theory of a sinking lava 
plateau on which a level surface is maintained by successive outpourings 
of lava, the thickness of flows would be greatest near the center, decreas- 
ing toward the margins. Any thickness determined in a section away 
from the center of the basin would be less than the maximum. 

Earlier estimates of the thickness of the Minnesota section of the 
Keweenawan have been from 17,000 to 18,000 feet, exclusive of the 
Duluth gabbro (Van Hise and Leith, 1911, p. 418). This figure appar- 
ently does not exclude the diabase sills. In the present report the thick- 
ness of the Keweenawan from the base (southwest of Duluth) to Two 
Harbors, exclusive of the gabbro, is 25,000 feet (Table 2). If the re- 
mainder of the section, northeast of Two Harbors, is measured and the 
amount added to this figure (25,000 feet) the total will exceed the earlier 
estimate by somewhat more than 7,000 feet. 
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Ficure 4—Map showing persistence of beds along strike 
Larger streams notch cuestas; smaller ones head on dip slopes. 
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In this, as in the earlier, estimate of thickness no account was taken 
of initial dips, so any error which may result from this cause will be 
involved in both estimates. Although it is true that lava flows may have 
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Ficure 5—Map of strike valley of Knife River 
Showing persistence of beds along strike. 


initial dips of 10 to 20 degrees or more, it is also true that they may 
have initial dips so low as to be imperceptible. Many plateau type 
basalts, as in Oregon, Washington, and Idaho, have exceedingly low 
initial dips. In the Craters of the Moon National Monument, Idaho, a 
recent aa flow has spread out over dozens of square miles. Its surface 
is rough in detail, but viewed from a distance appears to be as level 
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as the surface of a lake. There is no reason to believe that the Duluth 
flows had initial dips any steeper than those in the basalt floods of 
eastern Oregon or the Snake River plains in Idaho. 


CRITERIA FOR DISTINGUISHING BETWEEN SUCCESSIVE FLOWS 


The most conspicuous feature of the flows is the development of an 
amygdaloidal zone in the upper portion, passing downward into a more 
crystalline, massive interior. Thus, the contacts in dipping flows have 
the amygdaloidal upper portion of one flow on the up-dip side and the 
massive base of the overlying flow on the down-dip side (Pl. 4). Most 
of the contacts are accentuated by more rapid erosion in the amygda- 
loidal flow tops. Wave action produces caverns in amygdaloids (Pl. 6, 
fig. 3), and coves and spurs, the coves on amygdaloidal zones and the 
spurs on massive parts (PI. 4, fig. 1). Streams flowing over dipping flows 
also etch out contacts. A conspicuous effect of this kind is the develop- 
ment of waterfalls by undercutting of amygdaloidal zones (Schwartz, 
1925, p. 72). Other effects have been discussed by Grant (1900, p. 12-13). 

Several contacts are marked by wrinkled or billowy surfaces on the 
tops of flows (Pl. 5, figs. 1, 2). 

Flow breccia marks the tops of flows. Basal breccias of the type rolled 
under an advancing flow, as in some Italian and Hawaiian lavas, were 
not seen. 

Petrographic changes were used with care. Color and jointing may 
vary within a single flow. Figure 1 of Plate 6 shows a contact at which 
both color and jointing show a sharp change. Textural changes (grada- 
tion of grain size) are not easily observed in the field, except in thick 
flows, particularly ophites. A sharp change, as from ophitic to porphy- 
ritic, indicates the crossing of a contact. Changes in composition are not 
obvious, except where the change is radical, as from basalt to felsite. 

Inter-flow sediments are conclusive. 

Clastic stringers or clasolites (Lane, 1911, p. 31) occur within tne 
upper 5 or 10 feet of a dozen or more flows. 

Soil zones between successive flows were not found. 

Most basalts form low shores; rhyolites and crumbly, or closely jointed, 
basalts form cliffs. 

In distinguishing between successive flows, it is understood that some 
of the very thin ones may not represent separate flows coming direct 
from a vent or fissure, but, rather, thin advance tongues or sheets, tapped 
off from a larger flow. As most contacts were not seen in continuous 
cross section over a range of more than a few yards, no flow-units 
(Nichols, 1936) or similar details could be worked out. 
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PRE-KEWEENAWAN ROCKS 


As shown in Figure 2, the Keweenawan at Duluth rests unconformably 
on the Carlton slate. This highly folded formation was not studied in 
the present undertaking. It has been discussed elsewhere (Winchell, 
1899, p. 1-24; Van Hise and Leith, 1911, p. 213-215; Harder and Johns- 
ton, 1918). | 

KEWEENAWAN ROCKS 
SEDIMENTARY ROCKS 


General statement-—Sedimentary rocks are decidedly subordinate in 
the section. A basal quartzitic sandstone is exposed in section 20, Fig- 
ure 3, in contact with overlying basalt, and within a few rods of Carlton 
slate exposures to the west. The relation of this lower Keweenawan 
sandstone to the sandstones around Fond du Lac (Fig. 3) is not clear. 
Quite probably at least some of the sandstone at Fond du Lac is also 
lower Keweenawan. 


Inter-flow sandstones.—The inter-flow sediments consist chiefly of fine- 
grained, uniform-textured sandstones (using that term to denote merely 
a consolidated sand). They are gray or buff to pinkish, thinly lami- 
nated, and some show cross-bedding similar to that seen in dunes. They 
are composed chiefly of disintegration products of the flows, with a little 
quartz, and possibly some tuffaceous material. Nothing which could be 
positively identified as organic remains was found. A few sandstones 
contain basal pebbles of the underlying amygdaloid, but many rest di- 
rectly on the soft amygdaloids, without transitional phases. Reference 
has already been made to the clasolites, or clastic stringers in flow tops. 
Some of these connect upward with sandstone layers. 

About twenty inter-flow sandstones were found, only a few of which 
have a thickness greater than 3 feet, specifically, 5, 12, 16, 20, and 114 
feet. The 114-foot bed occurs in Leif Ericsson Park, Duluth (PI. 1, 
A-B). It shows pronounced and irregular cross-bedding, is cut by a 
basaltic dike near the top, and ends in a fault of unknown, though prob- 
ably small, throw, which has not repeated the bed in outcrop. 


Amygdaloidal conglomerate——Several beds of conglomerate were 
found, comprising pebbles and boulders of amygdaloidal and dense basalt 
in a matrix of basic sand. Some rest on dense basalt, the amygdaloidal 
zones having been removed. The thickness ranges from 4 to 25 feet. 


Scoriaceous amygdaloid.—This term denotes a rock composed of sco- 
riaceous amygdaloid fragments, but lacking the finer clastic materials 
found in the amygdaloidal conglomerate. Only one such bed was noted. 
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Ficure 1. Coves ON AMYGDALOID, SPURS ON TRAP 


Ficure 3. Frow contract 
Thin amygdaloidal layer in base of upper flow. 
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Ficure 3. P1rPE AMYGDULES IN BASE OF FLOW 


BASALT FLOW STRUCTURES 
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Ficure 1. WRINKLED SURFACE OF KEWEENAWAN FLOW 
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Ficure 2. BiLLowy sURFACE OF KEWEENAWAN FLOW 
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Duluth gabbro.—This major intrusive rock of the area has received 
detailed study elsewhere (Grout, 1918a, 1918b, 1918c, and other papers 
by the same author). The gabbro has the form of a lopolith, with a 
banding or fluxion structure (Pl. 7, fig. 1) which has about the same 
dip as the flows above and below. It forms prominent bluffs westward 
from Duluth, for a distance of nearly 10 miles, the width of its out- 
crop, with extensive rock exposures. Beyond the limits of the gabbro, 
the bluff gives way to more gradual lakeward slopes. 

The lower contact of the gabbro is, in a general way, fairly well 
defined, though complicated in detail by pegmatites, aplites, and differ- 
entiates. The underlying flows are contact metamorphosed, hundreds of 
feet from the gabbro, to hornfels (Schwartz, 1924, p. 114-115, 123-125, 
fig. 4F; Grout, 1937, p. 1547-1548, 1555, pl. 3, fig. 4). The upper con- 
tact of the gabbro at Duluth is more a zone than a line, consisting of 
basalt hornfels inclusions in gabbro and gabbro stringers in basalt horn- 
fels. Contact metamorphism extends hundreds of feet into the overlying 
flows. The texture of the gabbro is generally coarse, even in thin string- 
ers cutting flows. There can be little doubt that the temperature of the 
host rocks was raised almost to the point of fusion during the period of 
gabbro intrusion. 

Many of the hornfels inclusions in the gabbro are hundreds of feet 
across. What thickness of flows has been stoped into, or assimilated by, 
the gabbro is not known, but there is no reason to believe that the 
amount was important (Grout, 1930). 


Diabase sills—The term diabase is used here to denote a medium- 
fine-grained rock, having a gabbroic composition and diabasic or ophitic 
fabric. This usage excludes coarse-grained gabbro and dense flows, both 
of which may be diabasic or ophitic. The chief minerals of the diabases 
are plagioclase, pyroxene, iron oxides, and olivine. Secondary alteration 
products, such as chlorite and epidote, are also found, though the intru- 
sive rocks in general are somewhat fresher than the flows, in which these 
products are common. 

The diabases occur chiefly in sills, though some dikes approach dia- 
base in their centers. The borders of the sills are chilled, some to a 
black glass showing only incipient crystallization. The wall rocks show 
some “baking” or induration, though rarely more than a few yards away. 
Gradation of grain, from medium to dense or glassy at the borders, and 
the lack of phenocrysts in the chilled borders suggest that the sills were 
intruded in a condition of essentially complete fluidity. 

Seven diabase sills or sill-like intrusives were found, ranging in thick- 
ness from 30 to nearly 1600 feet. Two of these, the Endion (Pl. 1, A-B, 
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B-C) and the Lester River (Pl. 1, C-D) grade from diabase at the 
bottom to red rock (granitic?) at the top. The gradation begins with 
red feldspars, the amount increasing until a red rock of granitic compo- 
sition is reached. This type of differentiation is now the subject of a 
separate study. 

Other phases of the diabases are pegmatitic patches of coarse plagio- 
clase, hornblende, and magnetite, and boulder-like inclusions of anortho- 
site (Grout, 1928, p. 563-565; Grout and Schwartz, 1933, p. 52). 

Columnar jointing is not generally a conspicuous feature of the sills. 
One thin sill near Tischer Creek (Pl. 1, B-C) is exceptional in having 
thick, regular columns (PI. 7, fig. 2), 

Because the diabases are not readily undercut by wave action, they 
form lowish, rocky beaches along shore. Inland, they form long, prom- 
inent ridges whose summits generally fall short of the 1400-foot level 
on the gabbro plateau by 200 or 300 feet. These ridges, notched by the 
larger streams, have long dip slopes on which small, short streams head 
(Fig. 4). 

The following criteria (see also Grout, 1932, p. 32) serve to distinguish 
between sills and flows in the area: 


(1) The sills (including one only 30 feet thick) metamorphose their 
contact rocks; whereas the flows produce no visible effects. 

(2) The texture of the diabase sills is somewhat coarser, even up to 
a few feet from their borders, than the thickest of the flows. 

(3) The jointing in the sills is coarser. 

(4) Amygdules are not found in the diabases; whereas few, if any, 
flows are entirely free from amygdules in any part. 

(5) Microscopically the diabases are fresher than the flows. 

(6) The diabases stand out topographically above the surrounding 
flows. 

(7) The sills are locally transgressive. 

(8) Red rock, coarse pegmatitic, or anorthositic segregations occur in 
most of the sills, but were not seen in any of the flows.* 


Basaltic dikes —Forty or fifty basaltic dikes were observed, all except 
three of them in the lower half of the section. There is an imposing simi- 
larity between all the dikes, which permits their collective description. 


(1) All have very dense, chilled borders with gradation of grain size 
toward the center. Dikes a few inches thick are dense throughout; those 
more than 10 feet thick have centers of fine-grained diabase. 

(2) None contains amygdules. 

(3) All show good columnar jointing perpendicular to the walls. 


* An occurrence of anorthosite inclusions in lava, northeast of Two Harbors, has been reported. 
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(4) Those more than a foot or two thick have a tabular jointing par- 
allel to their walls. 

(5) Few of them form a close, “fused” bond with the wall rocks. 

(6) Calcite veins occur in joint cracks and along the walls. Some of 
these contain laumontite, epidote, and pyrite also. 

(7) The walls are generally straight or gently curving, and branching 
is rare. In acid flows the dikes are less regular. 

(8) Opposite walls are generally parallel, irregularities in one wall 
being matched by corresponding features in the opposite wall. 

(9) Xenoliths are rare. 

(10) No primary flowage brecciation was noted. 

(11) Flow structure was not seen. 

(12) Contact effects on the wall rocks are weak. 

(13) A dark greenish black color is common to all. 

(14) Practically all joint surfaces are coated with a dark greenish 
chloritic material which shows slickensiding, though no net displacement 
occurs. 

(15) The composition is uniformly basaltic, labradorite, pyroxene, and 
iron oxides being the principal primary minerals. 

(16) Microscopically the texture is diabasic. 

(17) Phenocrysts are rare. 

(18) The thickness varies from a fraction of an inch to 30 feet or 
more. Most dikes are from 1 to 10 feet thick. 

(19) They are generally made conspicuous along shore by differential 
erosion. 

(20) The dominant strike is a little east of north, the dip about 80° 
west. 

As shown in Figure 2, the dikes cut all other rocks, and wherever found 
they show the characteristic features common to all. 


Extrusive rocks in general—The extrusive rocks are dominantly ba- 
salts of various textural types, with minor quantities of acid flows. Col- 
lectively, the extrusives conform in nearly all respects to the character- 
istics of plateau basalts as set forth by Washington (1922, p. 797-800). 

The Keweenawan flows at Duluth resemble those at Keweenaw Point 
in so many respects that the classification adopted by Michigan geolo- 
gists is followed here (Butler and Burbank, 1929). A comparison of 
sequences from various localities would be facilitated by the use of a 
uniform nomenclature. It is not proposed to repeat the detailed descrip- 
tions of flows with which the literature on the Keweenawan is replete. 

Practically all the Keweenawan basalts are highly vesicular (now 
amygdaloidal) in their upper portions, and, in such parts, all are much 
alike megascopically. Classification of the flows is therefore based on 
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the interior, non-amygdaloidal portions where differences in texture or 
fabric are more apparent. 
No dolerite or glomeroporphyrite flows were recognized. 


Ophite——Ophitic texture is the roughly circular mottling of the rock, 
produced by crystals of pyroxene that surround and enclose the feldspar 
crystals. Flows exhibiting this texture are called ophite.’ The size of 
the pyroxene crystals varies with distance from the contact of cooling. 
Thus, the so-called luster-mottling of the ophites becomes finer in texture 
as the contact is approached, merging into a dense, featureless texture. 
Lane (1911, vol. 1, p. 145-147) finds that the diameter of the pyroxene 
increases 1 millimeter for each 8 to 10 feet of distance from the upper 
or lower contact of the flow. 

A peculiar type of weathering, possibly in part a mechanical disinte- 
gration, occurs in some ophites. The rounded, luster-mottled. “spots” 
weather out of the rock and accumulate as a fine, uniform gravel. A good 
example is seen on the beach at Cross River, Cook County, Minnesota. 

In thickness the ophites range from 15 feet to more than 200 feet, the 
average of about fifty flows being 90 feet. They occur chiefly in the 
upper part of the section, where for several miles along the shore the 
flows are exclusively of this type. 

The color is generally dark greenish to black, though some are red. 
Possibly some thin flows classed as melaphyre would show ophitic texture 
under the microscope. 

The ophites are relatively resistant and tend to form low-lying shores, 
though locally, where vesicular or slabby, they form cliffs. : 


Porphyrite.—The porphyrites are rocks that contain well-defined crys- 
tals, generally of feldspar, of an older generation than the same mineral 
in the groundmass. The phenocrysts are small and not abundant, though 
in a few flows they are as much as an inch long and comprise nearly 
half of the rock. The distribution is about the same from top to bottom, 
including chilled borders. In several porphyrites in downtown Duluth 
the feldspars are epidotized, and considerable epidote occurs in amyg- 
dules and along joint cracks. The dominant color of these flows is 
reddish brown, though a few are grayish or greenish black. 

The porphyrites range in thickness from 3 feet to a little more than 
100 feet, most of them ranging from 30 to 90 feet. They occur chiefly 
in the lower part of the series, above and below the gabbro. 


Melaphyre.—Melaphyre is a term applied to rocks that show none of 
the distinctive features already indicated. Many beds that show a dis- 
tinetive texture near the center lose it near the margins, and many thin 
flows do not show a distinctive texture in any part. There are also some 
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flows, 100 feet or more in thickness, that show no distinctive texture and 
are classed as melaphyre. The color is variable, from reddish brown to 
grayish or greenish black. 

More than 110 separate melaphyres were recognized, ranging from 
sheets a few inches thick to flows more than 100 feet thick. An average 
is 50 feet. 

Except where highly vesiculated, weathered, or closely jointed, the 
melaphyres and porphyrites form low beaches. 


Acid flows—The terms rhyolite and felsite were used in field mapping. 
Flows showing quartz and orthoclase phenocrysts were classed as rhyo- 
lite. Other flows thought to be acid were classed as felsite (checked by 
microscope). The term felsite is generally used by Keweenawan geolo- 
gists for acid flows. 

The color is reddish to pinkish, the texture dense, with stubby pheno- 
crysts few to prominent. Flow banding is common, in some flows pro- 
ducing a laminated structure, and locally bending around phenocrysts 
and inclusions. The flow banding may undulate, giving the rock a false 
appearance of having been folded after consolidation. Near the tops 
of some of the felsites the bands have been thrown into isoclinal folds, 
5 or 6 feet high, by the force of oncoming lava. Such zones are bleached, 
kaolinized, and mineralized with chalcopyrite, pyrite, calcite, barite, and 
purple and blue-green fluorite. The restriction of fluorite to cavities in 
acid flows indicates a genetic relationship. Flow brecciation is not prom- 
inent in all the acid flows, though inclusions of other rocks are common. 
Vesiculation is low. 

The acid flows are from 15 to more than 600 feet thick. This upper 
limit may be too high, for the reason that contacts between successive 
acid flows are not easily distinguished, and thus the figure may include 
two flows or more. Because of their slabbiness and close jointing the acid 
flows generally form cliffs along shore and gorges in the stream valleys. 


Amygdaloids—Nearly all the basalt flows are characterized by pro- 
nounced vesiculation in their upper portions. The vesicles are now filled 
with secondary, amygdular minerals. In a few places the amygdules 
have weathered out, but one may dig down a few inches into fresher rock 
containing amygdules in place. Many of the beach pebbles are agate 
amygdules which have been released from their rock matrix. There does 
not appear to be any relation between the thickness of a flow and the 
extent of its amygdaloidal portion. Thick flows may have thin amygda- 
loidal zones, and thin flows may be either amygdaloidal or massive 
throughout. The latter may be explained (Butler and Burbank, 1929, 
p. 27) as being due to thin sheets having poured out over a surface not 
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yet cooled, so that solidification was slow enough to permit the gas to 
escape before the lava became sufficiently viscous to retain it as bubbles. 
The thickest amygdaloidal zone observed was estimated at 35 feet (Tour- 
ist Park, Two Harbors), though zones 5 to 15 feet thick are more 
common. 

Thin basal amygdaloidal zones have already been referred to (Pl. 4, 
fig. 3). 

Tn general the vesicles (amygdules) do not show extreme elongation 
such as results from continuation of flowage up to the moment of freez- 
ing. Most of the flows appear to have congealed from an essentially 
stationary liquid, yielding spheroidal or potato-shaped amygdules. How- 
ever, near the extreme tops of a number of flows there are vesicles which 
have been drawn out to lengths equal to several times their width. The 
direction of elongation in such cases was observed, and will be referred 
to later. 

Where vesicles have flattened and coalesced, a slabby character is 
imparted to the rock (PI. 4, fig. 2). 

A distinct type of amygdule is the so-called pipe amygdule. Bubbles 
of gas rising from the base of a flow may be drawn out vertically into 
pipes (Pl. 5, fig. 3) and thus trapped in the congealing flow. If the 
viscosity of the flow decreases gradually upward and the flow is still 
urging forward, the pipes may be bent over in the direction of move- 
ment. Most of the pipe amygdules seen in the Duluth flows were of 
the straight type. 

Another occurrence of amygdules is related to pipe amygdules. Lines 
of vesicles, a fraction of an inch apart, extend several feet up into the 
flow, perpendicular to the base. These are reminiscent of the columns 
of bubbles rising from the bottom of a glass of champagne, and the 
bubbles appear to have risen vertically in the flow from nuclei of gas 
separation at or near the bottom. At least a dozen such occurrences 
were noted, and it is concluded that the flows in which they occur came 
to rest while still fluid enough to allow gas to bubble up through the 
quiescent lava. 

The commonest amygdular minerals in the basalts are calcite, laumon- 
tite, agate, quartz, epidote, and chlorite. Less common are thomsonite, 
magnetite, and barite. Prehnite, usually enclosing small grains of native 
copper, is locally abundant, as along shore between Talmadge River and 
Smith Creek; a few hundred yards northeast of Knife River; and south- 
west of Agate Bay. The prehnite fills amygdules, but also replaces the 
rock to some extent. Some diamond drilling has been carried on, but 
prospecting has failed to disclose workable ore. 

Many thin sections of amygdules show successive, concentric layers of 
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unlike minerals. The paragenesis, with some overlapping, is (1) agate, 
(2) chlorite, (3) epidote, (4) calcite and laumontite. Prehnite and 
copper are more closely associated with laumontite and calcite than with 
the earlier minerals. This sequence is similar to that on Keweenaw 
Point, where the paragenesis has been worked out in considerable detail 
(Butler and Burbank, 1929, p. 54). 

The type of amygdules varies geographically. Prehnite, copper, and 
calcite may be the chief minerals in one locality; calcite and laumontite 
in another; and agate, chlorite, epidote, and calcite in another. The 
locality rather than the kind of flow seems to determine the kind of 
amygdules found. Only in the acid flows is there any association of 
minerals with specific rock type; fluorite occurs only in felsites, and 
barite, although found in basalts, is virtually restricted to felsites. The 
fluorite and barite in cavities in felsites are probably related to gaseous 
emanations from the original flows in which they occur. 

The evidence suggests that the amygdules were deposited by hot solu- 
tions or emanations passing through the originally vesicular basalts. The 
Keweenawan flows in northeastern Minnesota were intruded at numerous 
horizons by great quantities of basaltic magma, now represented by the 
Duluth gabbro, the diabase sills, and the dikes already referred to. If 
this magma contained only a few percent of volatiles a large volume of 
solutions or emanations would have been available. Such emanations 
would have had great penetrating power by reason of their low viscosity 
and high pressure. Local variations in the type of minerals would de- 
pend upon such factors as differences in the character of the emanations, 
distance from the contributing source, depth below the surface, char- 
acter of the host rock. In some places, local concentrations of certain 
minerals, such as epidote, seem to be definitely related to local intrusives. 
In other places, particularly with reference to prehnite and copper, the 
relation to intrusives is obscure. Probably few flows in the northeastern 
Minnesota Keweenawan are more than 2,000 feet, stratigraphically, from 
some intrusive. The theory of a magmatic origin for the amygdular 
minerals in Michigan flows is discussed by Butler and Burbank (1929, 
p. 118-142), and there is no reason to suppose that the origin of the 
same minerals in the Minnesota flows was fundamentally different. 

Deuteric effects may have been partly responsible for the development 
of amygdules (Fermor, 1925, p. 208-217), and possibly some authors 
would prefer to ascribe more importance to late magmatic effects. That 
the deposition was at least begun, if not completed, before the final con- 
solidation of the gabbro is indicated by the presence of basalt hornfels 
containing recrystallized amygdules near the gabbro contacts. On the 
other hand, veins in and along the dikes cutting the flows also contain 
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the same minerals as the amygdules. Thus, some process of epidote- 
chlorite-laumontite-calcite deposition was operative after the flows had 
cooled. 

That the development of amygdules is not simply an effect of the 
leaching by surface waters is shown by the absence of amygdules from 
large areas of similar basic, vesicular flows. Moreover, such minerals 
as epidote, chlorite, prehnite, and magnetite are not generally regarded 
as being deposited from surface waters. 


FLUIDITY OF BASALT FLOWS 


Cumulative evidence indicates that most of the basaltic flows were 
extruded in a highly fluid state, reached their final resting places and 
sought their own liquid level while still in that condition, and finally 
congealed. - 

(1) The flows generally have flat tops (Pl. 4, figs. 2, 3). 

‘(2) Pipe amygdules are generally straight (PI. 5, fig. 3). 

(3) - Most of the flows are non-porphyritic and have very dense borders, 
indicating that at the time of extrusion the magma was at or above the 
temperature of incipient crystallization. — 

(4) Structures associated with lavas congealing while still urging for- 
ward, such as flow breccias and excessively long, drawn-out vesicles, are 
rare. 

(5) Reference has been made to the alinement of vesicles perpendic- 
ular to the base of a flow, and the conclusion was that such flows had 
come to rest while still fluid. 

(6) A lack of significant initial dips is indicated by the general uni- 
formity of dips, and the agreement between the dips of flows and the dips 
of inter-flow sediments. 

Washington (1922, p. 803) has attributed the fluidity of the plateau 
basalts to their high iron content. The Duluth flows have in general a 
high iron content. An average of fifteen analyses of Minnesota Kewee- 
nawan flows (Grout, 1910, p. 644, analyses 2-5; p. 647, analyses 1-6; 
p. 648, analyses 1, 2, 4; p. 650, analyses 1, 2) closely resembling those 
at Duluth shows 12.27-++ percent iron oxides. This is very close to the 
content of iron oxides in all the analyses cited by Washington (1922), 
including Daly’s average basalt, which has 11.71 percent. 


DIRECTION OF LAVA FLOW 


An attempt was made in the field to determine the direction from 
which the lavas came. The following types of observations were noted: 
(1) Direction of elongation of vesicles. Vesicles (amygdules) of de- 
cided elongation only were noted. These give the line of flowage, but 
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were not relied upon for direction. Local variations in trend are to be 
expected, but the sum-total of a few score observations should give the 
general trend. 

(2) Bending of pipe amygdules in the direction of flowage. 


Ficure 6.—Azimuthal plotting of observations indicating flow direction of lava 
Movement was from east to west. 


(3) Pattern of wrinkles on top surface of flow (PI. 5, fig. 1). 

(4) Flow-lines in felsites. Although these tend to produce a laminar 
structure parallel to the top and bottom of the flows, many of them show 
a decided linear character, with a pronounced parallelism of the linear 
streaks. It is interesting to note that flow lines in acid flows have the 
same general trend as those in basaltic flows. 

. (5) Position of flow terminals (PI. 6, fig. 2). 
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(6) Attitude of cross-bedding in inter-flow sediments. As the Kewee- 
naw Point (Butler and Burbank, 1929, p. 26), cross-bedding in some 
of the inter-flow sediments suggests currents from down the present dip. 
Although this criterion by itself may be inconclusive in indicating a 
regional slope away from the Lake Superior axis during Keweenawan 
time, it agrees with other types of observations. 

The strike of 70 observations from 24 localities, indicating the line of 
flowage is plotted in Figure 6. The trend is about east-west. Such ob- 
servations as indicate the direction, as well as the line, of flowage agree 
without exception in showing that the flows came from an easterly direc- 
tion, or from what is now the Lake Superior axis. A geographical plot- 
ting of the observations does not justify any significant conclusions. 


THE LAKE SUPERIOR GEOSYNCLINE 


Hotehkiss (1923) has advanced an hypothesis for the origin of the 
Lake Superior geosyncline which “relates the origin of the various forma- 
tions and their present structure to the intrusion of an enormous bathy- 
lith, whose final result is evident to us in the scores of thousands of cubic 
miles of Keweenawan lavas and intrusives. The gradual foundering of 
the roof of this bathylith is believed to offer the most plausible explana- 
tion of the origin of the present structure.” 

On the Michigan side of the basin there is evidence to show that the 
flows came from a northerly direction. On the north shore of Lake 
Superior in Ontario, Tanton (1920, p. 3e; 1931, p. 64) finds that the flows 
came from the south. In the Duluth area the flows came from an easterly 
direction, as already stated. Thus, the evidence indicates that the axis 
of the present Lake Superior geosyncline was the axis of Keweenawan 
fissure eruption. 

Hotchkiss (1923, p. 671) refers to the fanning of the dips in the flows 
on the south side of Lake Superior. The lower flows practically every- 
where have steeper dips than those stratigraphically higher. The same 
is true in the Duluth area. 

This fanning of dips fits in with the picture of a lava plateau over 
which basaltic flows (chiefly) are poured in large quantities. An essen- 
tially level surface is maintained by continued sinking as the flows are 
extruded. The earliest flows have partaken of all the sinking since their 
extrusion; the youngest have partaken of only that incurred since their 
eruption, and hence the fanning of dips. The thickness of flows would 
be least near the edges and greatest near the axis or center of the plateau. 
Hotchkiss (1923, p. 677) writes: 


“During the time of extrusion there was a slow progressive sinking of the range 
which nearly kept pace with the thickness of extruded flows. This daking was prob- 
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ably one of the chief causes of the continuance of extrusion—the load sank into the 
magma reservoir and squeezed the magma out.” 

The opinion that the lavas came from beneath the present “hollow” 
of Lake Superior was expressed by Coleman (1915, p. 156-159). 


PROBABLE DISTANCE FROM SOURCE 


The Duluth section appears to have occupied a position in a sinking 
lava plateau or plain, roughly intermediate between the center, or axis, 
of eruptions and the margin of the plateau. 

At a point close to a source of volcanic fissure eruptions a vertical 
column would include all or nearly all the flows extruded. Farther from 
the source a column would include only those flows which had advanced 
at least that far, and near the edge of the plateau only the greatest of 
the flows would be represented. The average time interval between suc- 
cessive flows would be greater with increasing distance from the source. 
Near the source of flows, one might look for a minimum of inter-flow 
erosion, soil formation, or sedimentary deposition (except for pyroclastic 
material) ; near the edge of the plateau there would probably occur soil 
zones, and evidences of greater erosion and sedimentary deposition, pos- 
sibly including detritus from rocks outside the lava area. 

With these ideas in mind, we may review some of the features of the 
Duluth section: 

(1) More than 225 successive flows occur. 

(2) At not a single contact could a soil zone be detected. 

* (8) No extensive inter-flow erosion was recognized, and in only a few 
places could any erosion at all be found. 

(4) At most of the contacts the dense base of one flow rests directly 
upon the highly amygdaloidal top of the underlying flow, with no evi- 
dence of intervening weathering, erosion, or sedimentation. In at least 
one place it could be demonstrated that one flow covered a preceding 
flow while the latter was still in a plastic condition. 

(5) The ratio of thickness of inter-flow sediments to lavas is at 1 to 77. 
It is possible that some of the inter-flow clastic material is of pyroclastic 
origin. In that case the ratio given is too high as an indicator of inter- 
flow time, for the rate of accumulation of ash may be very rapid. 

(6) There is one inter-flow sedimentary bed for about every ten flows. 
Most of the sediments are much less than 10 feet thick. 

(7) The sediments are made up chiefly of fine-textured disintegration 
products of the flows. Some may be wind-blown, and some reworked, 
tuffs. Many rest directly on the underlying amygdaloids, without basal 
conglomerate. 

(8) Most of the flows appear to have reached their final resting places 
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while still in a fluid condition, as though restricted in their advance by 
topography rather than by increasing viscosity. 

(9) Many contacts are essentially flat planes (Pl. 4, figs. 2, 3), and a 
study of all the contacts indicates that most of the flow tops had very 
low relief. Where formations can be traced along the strike, their out- 
crops tend to occur in straight lines. : 

(10) A few flows appear to have congealed while still urging forward. 

(11) Only one outcrop marking the terminus of a flow was seen (PI. 6, 
fig. 2). Although the probability of intersecting flow terminals precisely 
along any line of traverse is not great, the frequency would be related 
to the number of flows whose maximum advance was approximately 
along that line. The conclusion seems justified that most of the flows 
encountered along the shore-line traverse had advanced well beyond that 
line, in a direction up the present dip. 

(12) There is a fanning of dips, from steeper at the base to flatter 
toward the top of the section. 

(13) Felsite conglomerates are entirely lacking. The presence of fel- 
site conglomerate on the south shore is regarded as evidence that viscous 
felsites piled up near vents, down the present dip, thereby increasing the 
vigor of erosive agents which transported their products to the south 
(Aldrich, 1929, p. 111). The few felsites at Duluth do not appear to have 
been piled high; probably they were too fluid. 

Most, if not all, of the foregoing observations fit in with the picture of 
a columnar section occupying a position roughly intermediate between 
margin and axis of a sinking lava plateau of low relief, over which the 
accumulation of a great quantity of lavas, poured out in rapid succession 
from a major magma reservoir, kept pace with the sinking. 


DIKES AS POSSIBLE FLOW FEEDERS 


The possibility that the numerous basaltic dikes, already referred to, 
represent feeders to higher flows was considered. It was concluded that 
the dikes do not represent flow feeders, on the basis of the following cumu- 
lative evidence: 

(1) The striking family resemblance between all the dikes does not 
correspond with the observed diversity of the flows. 

(2) Phenocrysts are er lacking, but many of the flows 
are porphyritic. 

(3) No vesiculation was noted in any dike. If vesicular dikes were 
found, it would remain to be proved that they came from below, for 
cracks in one flow may be diked by lava from a following flow. 

(4) One might reasonably expect the wall rocks of fissures which acted 
as conduits for great volumes of hot, fluid, basaltic magma to show some 
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thermal effects, and that the final fissure filling, the dike, might fail to. 


develop pronounced gradation of grain size. The facts of field occur- 
rence are (A) the dikes are conspicuously chilled at the borders; (B) the 
wall rocks show no visible thermal effects, as a rule; (C) most of the 
dikes are much too thin to have acted as conduits for lavas on the scale 
of extrusion known to have occurred. 


(5) There is no sign of brecciation, fracturing, mutual intersection, or: 


resorption in the dikes, such as might result from resurgences of volcanic 
activity along established fissures. 


(6) There is no flow structure. 
(7) Chilled dikes in the diabase sills and Duluth gabbro indicate a 


late age for the dikes, later than most of the flows, and ‘possibly later: 


than all. 


(8) No dikes passing into flows were found. If such were observed,’ 


it would remain to determine whether the dike fed the flow from — 


or the flow fed the dike from above. 
(9) Some of the dikes pinch out. 
(10) They occur almost exclusively in the lower half of the section; 
below, in, and above the gabbro. 
(11) The average trend of the dikes is at a fairly high angle to the 


axis of the Lake Superior basin, along which accumulating evidence in- 


dicates the fissure eruptions occurred. 
The dikes were apparently injected into pre-existing cracks in “cold” 
rocks, suddenly, in a fluid state, and with enough pressure to crowd the 


walls apart 30 feet or more. 
The petrographic similarity between the dikes and the diabase sills 


suggests the possibility that the dikes may have been feeders for the sills. 


However, the dikes cut the sills and have chilled borders against them. 
Moreover, the dikes occur in the lower part of the section, as stated, but 
the sills are scattered at intervals from bottom to top, and also at even 
higher stratigraphic levels to the northeast of the present traverse. The 


dikes appear to represent a separate episode of intrusion, probably from 


a@ magma of common parentage. 
OUTLINE OF GEOLOGIC HISTORY 


The following sequence of events is recognized (see Fig. 2): 


(1) Erosion of the Carlton slate, followed by deposition of the basal 


Keweenawan sandstone. This represents a major unconformity. The 


character of the erosion surface upon which the basal Keweenawan sand-’ 


stone was deposited is unknown. 
(2) Extrusion of basalt flows, with occasional acid flows. The first 


flow (Fig. 3, section 20) is in direct contact with the basal Keweenawan 
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sandstone. It shows no positive evidence of having been deposited in 
water. In this vicinity the accumulation of flows, once begun, continued 
rapidly with little or no inter-flow sedimentation. It is possible that 
farther south, near Fond du Lac, there was at first some interfingering 
of sandstone and flows. 

(3) The Duluth gabbro lopolith was intruded after an unknown thick- 
ness of flows had accumulated. The intrusion took place two or more 
times (Grout, 1918b, p. 443-444), and the magma spread along or near 
(in west Duluth) the unconformity between the Keweenawan and the 
older rocks. 

How many flows had been extruded before the advent of the gabbro is 
not known; probably a considerable thickness, for the gabbro is a plu- 
tonic rock type, and it does not seem likely that its emplacement could 
have occurred at a depth of less than many thousands of feet. The age 
of the Duluth gabbro is believed to be late-Middle Keweenawan (Grout 
and Schwartz, 1933, p. 59). In Wisconsin the Bad River gabbro cuts 
a heavy conglomerate that suggests the Great Conglomerate of Kewee- 
naw Point. If a confining load was required, only upper Keweenawan 
sediments could function. Hence, the Bad River gabbro may have been 
even later than late-Middle Keweenawan (Aldrich, 1929, p. 112). 

(4) A series of diabase sills was intruded into the flows. Whether these 
were simultaneous and whether the intrusion took place before, contem- 
poraneously with, or after the intrusion of the gabbro, or all three, is not 
clear. Similar and undoubtedly related sills farther northeast are re- - 
ferred to the Middle Keweenawan by Grout and Schwartz (1933), who 
point out that at least some of them are metamorphosed by the Duluth 
gabbro. There is reason to believe that the Endion sill at Duluth con- 
nects with the gabbro, and is an offshoot from it. 

(5) Whether the accumulation of flows and associated sediments was 
completed before or continued after the intrusion of the Duluth gabbro 
and the diabase sills is difficult to determine. The presence of rather 
coarse grained diabase intrusives at high stratigraphic levels in the flows 
northeast of Two Harbors, beyond the present section, suggests that no 
important amount of flow-accumulation could have occurred after the 
emplacement of at least these highest sills. That is, not unless a consid- 
erable thickness of Middle Keweenawan flows, stratigraphically higher 
than the Temperance River group, is concealed offshore under the lake. 

(6) There was a progressive settling of the Lake Superior basin as the 
flows accumulated, so that a surface of low relief was maintained. Bed- 
ding-plane slickensides at several horizons indicate that the top side 
moved up the dip with respect to the lower side, as in a normal syncline. 
Whereas, in a normal syncline individual beds may move over one an- 
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other through differentials of distance inappreciable excepting in the net 
result; on the south shore these differentials were integrated and the 
movement took place along thrusts (Aldrich, 1929, p. 116). Ephemeral 
lakes may have occupied low areas, acting as basins of sedimentation 
for what little fragmental deposition there was. The flows, even those 
overlying sandstones, do not show any conclusive evidence of having 
been deposited in water. 

(7) A series of basaltic dikes was intruded low in the section, after 
- the Duluth gabbro and the diabase sills had crystallized and cooled. 
Their age may be late-Middle Keweenawan, if not younger. 

Of the late history of the Keweenawan there is no record in north- 
eastern Minnesota, for the highest beds exposed along shore are Middle 
Keweenawan flows with lakeward dips. 


DURATION OF KEWEENAWAN 


Van Hise and Leith (1911, p. 420) have expressed the opinion that “the 
Keweenawan probably required as long for its formation as the average 
geologic period, such as the Silurian, Devonian, and Carboniferous, and 
it may have been as long as the Cambrian.” 

What portion of Keweenawan time was occupied with the deposition 
of the rocks of the section at Duluth is not known, but field study creates 
a strong impression of exceedingly rapid accumulation. In his work on 
the corresponding series on Keweenaw Point, Lane (1904, p. 144) appar- 
ently gained the same impression, for he writes: 

“The Keweenawan is very thick, but this thickness is composed of rocks which may 
accumulate with extreme rapidity, sandstones, conglomerates, and sheets of trap, 
single flows of which are hundreds of feet thick. So that geologically it may repre- 
sent no greater time than the Iceland deposits.” : 

The Duluth section includes about 250 successive flows, most of which 
were deposited, one upon another, without intervening erosion or sedi- 
mentation. What value may we assume for the average inter-flow period? 
In Idaho there occur basalt flows which preserve almost their original 
freshness of surface after at least 250 years and possibly as much as 1000 
years (Stearns, 1928, p. 21). An average inter-flow period of 2000 years 
seems a@ liberal estimate, and it could be much shorter. As a matter of 
fact, at scores of contacts an interval of five or ten years would not be 
incompatible with the observed facts, and no unconformity was noted 
within the series, which might account for a significant lapse of time. 
If the time required for the deposition of the Duluth flows was of an 
order of magnitude substantially greater than a million years there is no 
evidence of it in the field. 

In a recent study of ages by the helium method, Lane and Urry (1935) 
find that the Keweenawan may have had a duration of as much as 55,- 
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000,000 years, but they point out that the work is subject to a large 
probable error. A similar study on the Keweenawan along the Minnesota 
shore would be an interesting check. Whatever may have been the dura- 
tion of the Keweenawan as a whole, that portion occupied with the depo- 
sition of the Middle-Keweenawan flows and associated sediments in the 
Duluth section appears to have been only a fraction of the total. 


DIFFERENTIATION 


In considering a thick series of successive flows, such as occurs at 
Duluth, it is natural to look for some signs of progressive or rhythmic 
changes in the composition of the lavas from bottom to top of the section. 

Certain factors tend to obscure the relation of any observed flow se- 
quence to processes of differentiation within the earth’s crust. For in- 
stance, at a given place only those flows are seen which extended at least 
that far from the source, and all the flows in a given column did not 
necessarily come from the same vent (Broderick, 1935, p. 553). 

From a study of the tabulation of flows presented earlier in this paper, 
the following groups of flows, arranged in stratigraphic order, may be 
noted: 


Melaphyres (at Two Harbors) 
Ophites 

hites and melaphyres 

elaphyres (thin flows) 
Melaphyres with ophites and porphyrites 
Melaphyres 
Acid flows‘ with melaphyres and porphyrites 
Melaphyres and porphyrites (above and 

below the gabbro) 

Although little is now known as to the detailed composition of these 
flows, this much can be stated; the flows fall into two main types, basalt 
and rhyolite. No intermediate types, such as dacite or andesite, were 
recognized in the field. The flow sequence as already presented does not 
fit into a consistent picture with any known process of differentiation 
within a parent magma chamber. After a careful, detailed study of 
Michigan flows, Broderick (1935, p. 554) reached a similar conclusion. 

A detailed study of a sequence of basalt flows was made by Fermor 
(1925). He examined specimens of 27 successive flows penetrated by a 
borehole more than 1200 feet deep in Deccan traps. He indicates that 
the difference between five groups of basaltic flows can be explained on 
the hypothesis of differentiation within a quiescent magma, and refers 
the five groups to their relative positions within the magma reservoir. 


He writes (Fermor, 1925, p. 227): 


« Although felsites occur in the lower part of the section studied, they recur at stratigraphically 
higher levels, northeast of Two Harbors. 
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“According to the hypothesis adopted by the present writer, the basaltic lavas of 
fissure eruptions are derived either ultimately or directly from an infra-plutonic shel 
of basaltic composition but eclogitic phase, release of pressure over a sector of the 
earth’s crust permitting the passage of eclogite into liquid basalt with formation of 
an infra-plutonic (?subcrustal) magma reservoir. 

“There appears to be no evidence whether eruption usually takes place at once 
from such an infra-plutonic magma reservoir, either direct to the surface or to fill an 
intermediate intercrustal magma-reservoir, or whether there is usually a period of 
quiescence in the infra-plutonic reservoir before eruption, during which some form 
of stratification of the magma might by differentiation result.” 

The differences in the Keweenawan flows are explained in a general 
way by Hotchkiss (1923, p. 677; see also Aldrich, 1923, p. 568) as result- 
ing from differentiation in the magma reservoir during quiescent periods. 
However, it is not clear why intermediate types are lacking. Rhyolites 
are preceded and followed by basalts, with or without phenocrysts, and 
without intervening sedimentation or weathering, such as might indicate 
a quiescent period. 

Fenner (1937, p. 161-162; see also Lindgren, 1933, p. 160-161) has 
recently referred to the curious phenomenon of repeated alternate out- 
pourings of basalt and rhyolite with little or no intermediate magma, and 
the difficulty of reconciling it with crystal fractionation. He points out 
that the two magmas are apparently closely related in some manner and 
are affected by the same eruptive forces, their successive outpourings fol- 
lowing each other during a short igneous cycle, and some are almost 
simultaneous, as though requiring the coexistence of basaltic and rhyo- 
litic liquids. He poses the questions: Has the rhyolite been derived from 
the basalt? How has this been accomplished without producing inter- 
mediate magmas? What is the relative position of the two magmas in 
the crust, and by what disposition of outlets does each reach the surface 
without communication with each other? 

The development by differentiation of rocks of basaltic and rhyolitic 
composition in the same chamber, with little “intermediate” rock, is 
noted in intrusives in northeastern Minnesota (Grout, 1918a, p. 644-645; 
Grout and Schwartz, 1933, p. 36-59). The change from gabbro to red 
rock (granite) may occur within a few yards after the reddish tinge of 
granophyr is noted in the interstices of the gabbro, beyond which none 
of the gabbro minerals is visible in the red rock. The series is (1) gabbro, 
(2) granophyr diabase,> (3) granite with the second member in small 
bulk. The ratio of felsite to basalt in the Duluth section is about one to 
seven, which resembles the ratio of red rock to gabbro in the intrusives 
at Pigeon Point and elsewhere.’ Possibly this similarity of ratios sig- 
nifies that the flows, as well as the intrusives, are differentiated from a 
primary magma, though by what process is not clear. 


5 The extrusive equivalent was not recognized in flows. 
®Grout, F. F.: personal communication. 
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The persistence of basaltic magma throughout the recorded history of 
the Keweenawan in northeastern Minnesota is noteworthy. 

The occurrence of repeated alternations of rhyolite and basalt in the 
Duluth flows is set on record as another example of a puzzling phenom- 
enon which has engaged the attention of petrologists. It is hoped that 
the flow-by-flow sequence now worked out will serve as a background 
for more detailed studies. 

SUMMARY 


A section of the bedded lower-Middle Keweenawan rocks at Duluth, 
Minnesota, shows a total thickness of 39,482 feet, comprising 20,856 feet 
of extrusives and related sediments, 4,126 feet of diabase sills, and 14,500 
feet of Duluth gabbro. This section, ending at Two Harbors, excludes 
the topmost Keweenawan beds in northeastern Minnesota. Between Two 
Harbors and the topmost exposed Keweenawan, between Two Islands 
River and Temperance River (Van Hise and Leith, 1911, p. 371), there 
occurs an unknown thickness of Middle Keweenawan, probably some- 
what in excess of 5,000 feet. 

Although there is some similarity between the sequence at Duluth (see 
differentiation) and the sequence on Keweenaw Point, reported by Hub- 
bard and Irving (Van Hise and Leith, 1911, p. 381), the writer believes 
that a comparison with other districts had best be deferred until the 
balance of the Minnesota section has been worked out in detail. 

The lavas are plateau-type fissure flows, whose axis of eruption was 
essentially the axis of the present Lake Superior basin. A level surface 
was maintained on the lava plateau by progressive sinking into the 
magma reservoir underneath as the lavas were extruded. Extrusions 
came in rapid succession, with insignificant accumulation of inter-flow 
sediments. The time required for the deposition of the series may have 
been of the order of magnitude of a million years or less. 

In about late-Middle Keweenawan time the Duluth gabbro lopolith 
and, at a less definite time, a series of diabase sills were intruded into 
the flows, later to be cut by a series of chilled basaltic dikes which prob- 
ably do not represent flow feeders. 

Differentiation occurred in some of the intrusives. The observed se- 
quence of flows, including basalts, of various textural types, and felsites, 
with some alternations, does not fit into any consistent picture with 
known processes of differentiation. 
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SUMMARY 


SUMMARY 


This paper describes the general geology of the Lower Columbia River 
and aims to show how the river came to have its present course through 
the Cascade Mountains. Because the events in the geologic history of 
the Columbia River are complex, a summary is provided as a guide in 
following the detailed evidence which is presented. 

The region provides some evidence of an early Oligocene and Eocene 
terrestrial formation that was eroded to a mature surface in lower 
Oligocene time. Through this surface erupted the Eagle Creek volcanoes, 
some of the products of which were carried by the wind into central and 
eastern Oregon, where they formed the John Day formation of middle 
Oligocene age. An equally large quantity of these volcanic products 
remained in situ as agglomerates, ashes, and breccias. A small discon- 
formity separates this mass of material from the reworked material 
forming the lower Miocene upper part of the Eagle Creek formation. 

The Columbia River basalt was poured out to an average depth of 
about 3000 feet during middle Miocene time. This basalt formation is 
composed of numerous long tongue-like flows of hawaiite composition 
which appear to be mostly the centrally erupted type. 

At the very close of the basaltic lava stage the mantle of flows sagged, 
probably as a result of extravasation, and, although the synclinal axes 
are below sea level, none contains marine deposits. The basalts were 
broken by many small faults, and also, in this region, by two major 
faults. The latter had a controlling influence on part of the river’s past 
and present course. 

The region of open folds extended from eastern Oregon through the 
Cascade Range, the Willamette Valley, and the Coast Range, to the 
Pacific Coast of Oregon. At the time of folding there were no Cascade 
Mountains. 

The basalt folds were partly buried by wind-drifted and water-sorted 
ashes (upper Miocene Mascall) erupted at the close of the volcanic 
period. A small erosional unconformity which is present in places between 
the Columbia River basalts and the Mascall formation is not considered 
evidence of a diastrophic break. 

The Columbia River basalt and the Mascall formation were eroded 
to a stage of youth; the resulting surface is termed the Coriba Surface. 
This surface is a continuation, under the Cascade Mountains, of the 
Shaniko Surface. The streams that moved over the Columbia River 
basalt cut V-shaped valleys and flowed from northern highlands south- 
ward across the present site of the Gorge. The Willamette and Hood- 
Adams rivers, because of their large size, cut mature valleys in the 
basalts. The ancestral Columbia River, a small stream, followed a 
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course far to the south of the present Gorge, through a structural lowland. 
These valleys were eroded during lower Pliocene time. 

In middle Pliocene time the Rhododendron volcanoes, extending in a 
belt along the Cascade Mountain zone, erupted andesitic material. The 
first stage of Rhododendron volcanic activity was explosive, and vast 
quantities of debris were ejected. The pyroclastic material was blown 
and washed into the erosional and structural lowlands first. This impeded 
the flow of existing streams, but did not dam the ancestral Columbia 
River. 

One of the effects of river-working of the pyroclastics was the formation 
of gravels, which were mixed with those already in the stream beds. 
Consequently, resistant foreign gravels from the northern old rock high- 
land in Washington and gravels from eastern Oregon were mixed with 
weak and easily decayed andesitic gravels of local origin. These gravels 
still lie in the V-shaped valleys of the Coriba Surface. 

After the lowlands had been filled with pyroclastics, which were spread 
eastward and westward, torrential flood-plain and lake deposits accumu- 
lated. On the east side of the Cascades the great piedmont fan of The 
Dalles beds, extending up to 2100 feet in elevation, was formed. 

These pyroclastic beds have been included in the several regional 
uplifts and depressions of western Oregon and Washington but have not 
been locally deformed. Near centers of eruption, dips in the pyroclastics 
are greater than in underlying formations, and although in some places 
the two sets of dips are fortuitously parallel, in other places they are 
opposed or nonconformable. In places The Dalles beds are unconsoli- 
dated but in others they show the cementation characterizing pozzuolanic 
material; they contain middle Pliocene fossils. The Dalles formation 
was accumulated east of the Cascade zone voleanoes whose reworked 
debris ponded the ancestral Columbia River, forming Condon Lake. 

Condon Lake lay between the Columbia Fault on the north, the Ortley 
anticline and The Dalles beds barrage on the west, the 1900-foot contour 
line of the north-sloping Shaniko Surface on the south, and the Blue 
Mountains uplift on the east. 

Debris carried into Condon Lake consisted mainly of gravels from the 
east. The lake filling, named the Shutler formation, at the base consists 
of gravels which, toward the east, replace progressively higher lake beds. 
The upper lake deposits comprise sands, gravels, and silts with a capping 
of diatomaceous beds. As filling began contemporaneously with the 
damming of the river, in late Pliocene time, the Shutler beds date from 
the beginning of the Pleistocene, or the early part of the Cascadian (First) 
Glacial Epoch. After the lake was filled, the John Day and the Deschutes 
rivers meandered across the lake beds and gradually intrenched them- 
selves in their meanders. 
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Ficure 1. EASTWARD VIEW OF LOWER PART OF THE GORGE 
(1) Mount Pleasant, (2) Cape Horn, (3) Prindle Valley, (4) Fletcher Flat, (5) Archer 
Mountain, (6) Hamilton Mountain, (7) Table Mountain—all remnants of Columbia 
River Basalt lying on Eagle Creek formation; (8) landslides of Eagle Creek formation; 
(9) outcrop of Columbia River Basalt ‘on south side of gorge; (10) Beacon Rock; (11) 
Phoca Rock; (12) sand islands; (13) Crown Point; (14) Saco surface; (15) Troutdale for- 
mation; (16) Cascan lavas; (17) Shepard’s Dell; (18) Silver Peak; (19) Washougal and 
Canyon Creek valleys. Photo, courtesy of Brubaker Aerial Surveys, Portland, Oregon. 


Ficure 2. WESTWARD VIEW OF CENTRAL PART OF THE GORGE 
(1) Hamilton Mountain; (2) Archer Mountain; (3) outcrops of Columbia River Basalt 
formation on south side of gorge, all showing the southward dip; (4) Beacon Rock; (5) 
part of Cascade Landslide; (6) Troutdale formation outcrops; (7) Cascan formation out- 
crops; (8) Bradford Island; (9) Boat Rock; (10) Ruckel Slide (note the tilted trees); (11) 
Cape Horn; (12) Summit Rapids; (13) Corbett; (14) Dodson; (15) Angels Rest. Note the 
islands and north-side slope due to landslides in the youthful gorge. The valley-way here 
is drowned and deeply aggraded. See text Figure 3. 


COLUMBIA RIVER GORGE 


; 
4 
Wig 


SUMMARY 835 


Condon Lake was contemporaneous with Lake Lewis in southeastern 
Washington. Both owed their large size to glacial melt-water.. Eventually 
their waters and lake beds transgressed the low col at Wallula Gateway, 
integrating the Columbia River system. : 

During the same time (Cascadian Glacial Epoch) aggraded streams 
such as the ancestral Columbia River, working eastward from the Cascade 
zone, carried vast quantities of materials westward into the Willamette 
Valley. On the west side of the Cascade zone these materials formed 
another piedmont fan deposit, called the Troutdale formation. The 
initial drainage from the present Gorge region was southward to the 
ancestral Columbia River, and the north-south valleys were filled with 
pebbles from the north. As the debris cover thickened, the streams 
assumed consequent courses westward over the piedmont fan. Where the 
streams debouched they spread great quantities of gravel; on either side, 
finer materials were deposited. 

The deposition of the Shutler, the Dalles, and the Troutdale formations 
raised the western barrage of Condon Lake and aggraded the floor of the 
ancestral Columbia River valley. Icebergs carrying erratics from the 
mountain glaciers of northeastern Washington and northwestern Idaho 
became stranded and melted, dropping their erratics, which mark the 
course of the moving water. The erratics were spread along the old 
course in upper Cascadian time, along the diverted course in the Bull 
Run (Second) Glacial Epoch, and to some extent along the present course 
in later times. 

The upland surface formed by the Shutler, the Dalles, and the Trout- 
dale formations, by islands of the incompletely buried Coriba Surface, 
and by later volcanoes, is called the Madras Surface. This surface is 
only slightly disconformable with later deposits. 

The Rhododendron volcanoes, from which most of material in the 
Shutler, Dalles, and Troutdale formations was erupted, numbered several 
hundred. During the Bull Run Glacial Epoch the erupted lavas were 
mostly andesitic; they are named the Cascan volecanics—a contraction of 
Cascade andesites. The lavas constituted a mass, which in places was 
much more than 1000 feet thick, whose surface had the aspect of a broad 
plateau. The lavas lie conformably on The Dalles and Troutdale forma- 
tions, and in the walls of the Gorge their basal contact is seen to have a 
gentle southward slope across the present site of the Gorge. The dips 
of the lavas are initial, and, although the lavas have been regionally 
uplifted and depressed, they have not been folded. The Cascade Moun- 
tains of Oregon were formed by the accumulation of andesitic lavas and 
ejectamenta from the Rhododendron volcanoes. 

The Dalles pyroclastics were susceptible to reworking by the streams, 
but the Cascan lavas were not; the latter converted the Condon Lake 
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barrage into a dam which diverted the integrated Columbia River along 
a new route. The course of this diversion lay along initial depressions in 
the surface formed by the Shutler, The Dalles, Troutdale, and Cascan 
formations. The lowest sags were formed where the younger formations 
lapped over the southward-sloping Coriba Surface. 

After the first diversion the river flowed from The Dalles into Hood- 
Adams Valley, and thence south to the old course. This course was later 
dammed by the further eruption of Cascan lavas and probably also by 
the erection of the elder Mount Hood. The final diversion was completed 
when water overflowed the lowest divide between tributaries of the 
Hood-Adams Valley and the Willamette Valley. 

The path of the Columbia River through the Gorge is thus seen to be 
a consequent course in which it has become entrenched and been super- 
posed upon the‘structures that were buried by the Shutler, The Dalles, 
Troutdale, and Cascan formations. Entrenchment was facilitated by 
the large supply of glacial melt-water, by abundant boulders readily 
washed from The Dalles beds and similar formations and, for a long 
time, by the steep stream gradient. The entrenchment occurred during 
the Willamettian, or Third, Glacial Epoch. 

The Columbia in its down-cutting was often choked by icebergs, which 
caused temporary or permanent local diversions. Many rock benches, 
chasms, and pot holes were cut, and stranded deposits were left at the 
successive levels of entrenchment. The river is not yet graded, and the 
methods by which it produces these curious, but by no means excep- 
tional, features may still be observed. 

The present stage of entrenchment was completed before the Hood, 
or Fifth, Glacial Epoch. During and since the last stage of entrench- 
ment, intracanyon lavas have flowed down tributary valleys into the 
Gorge, and two flows have issued within the Gorge itself. 

Since the cutting of the Gorge the region has been submerged by a 
seaward tilting of the entire western Oregon-Washington area, the depth 
ranging from many thousand feet along the coast to zero at The Dalles. 
The submergence drowned the mouth of the Columbia River and pro- 
duced a tidal estuary extending inland almost to The Dalles. Sedimenta- 
tion in the estuarine channel nearly kept pace with submergence. One re- 
sult of the submergence was precipitation of landslides from the youthful 
walls of the Gorge. At Cascade Rapids the Cascade Landslide superposed 
the river on a valley spur and so provided the site for Bonneville Dam. 


INTRODUCTION 


The Columbia River is in British Columbia, Idaho, Washington, and 
Oregon, in the west central part of North America. The Lower Canyon 
and Gorge which form part of the boundary between the states of Wash- 
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ington and Oregon, lie between 45°30’ and 46°30’ north latitude and 
between the Pacific Ocean and 119° west longitude (Fig. 1). 

The Columbia River has a drainage basin of 259,000 square miles, 
carries to the sea 151,000,000 acre feet of water annually, and is, in 
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Ficure 1.—Location of Columbia River drainage basin 


volume of water carried, the largest river on the Pacific Coast of either 
North or South America. In maximum daily discharge it is the second 
largest river in the United States (Pl. 1). It has a run-off somewhat less 
than the Danube, St. Lawrence, or Ohio rivers. Above its junction with 
the Snake River it is slightly larger than the Nile, Missouri, or Fraser 
rivers. 

Just above the Clark Fork it carries as large a flow of water as the 
Yukon River, though the latter has a catchment basin nearly four times 
as large. Even the Clark Fork, at Newport, Washington, has a larger 
discharge than the Colorado River at its mouth. The average annual 
flaw of the Columbia River between 1878 and 1921 was 209,400 c.s.f., and 
the average flow has been 193,200 c.s.f. since that date; in June, 1894, a 
maximum flow of 1,170,000 c.s.f. was recorded. The river has more than 
20,000,000 potential horsepower, or one-third of the undeveloped water- 
power in the United States. 

It is the only sea-level passage opening into the interior of North 
America through the great barrier mountains along the Pacific Coast, 
with large potential agricultural, mining, lumber, and fishing resources 
in its basin. 
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Ficure 2.—Topographic map of the Lower Canyon region 


The Columbia River 
Gorge may have served 
as an important passage- 
way for the early migra- 
tions of primitive man. 
Many animals of late 
Pleistocene age may also 
have traversed the 
Gorge. Certain it is 
that the early explorers, 
then the traders, and fi- 
nally the settlers, made 
use of this lone passage- 
way from the West to 
the East. Today, for 
railroads, steamships, 
highways, and even air- 
planes the Gorge of the 
Columbia is the only 
water-level route across 
the Cascade Mountains. 

Long before 1766 or 
1767, when Jonathan 
Carver, that chronicler, 
trader, and gossip of the 
Minnesota country, first 
referred to the Columbia 
River as “the great river 
of the West, called Ore- 
gon,” this river was 
known and the mystery 
of its source and course 
had long been a subject 
of wonder and specula- 
tion. Bruno Heceta un- 
knowingly anchored be- 
fore it in September, 
1775. The discovery of 
the river by Captain 
Robert Gray, on May 
11, 1792, was the most 
momentous event in the 
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history of the West. Since that time, the Columbia River has become a 
thoroughfare, followed in 1806 by Lewis and Clark, used in 1810 by John 
Jacob Astor, and traversed in 1825 by John McLaughlin and his associates. 

Barely more than forty years later, in 1868, Thomas Condon collected 
fossil leaves from a stratum of sandstone in the Eagle Creek formation 
and in February, 1869, announced his discovery to John S. Newberry. 
Clarence King, then engaged in the geological exploration of the 40th 
parallel, in 1870 discussed the Columbia River Gorge section with Arnold 
Hague, who, in that year, spent a month in Oregon. Joseph LeConte 
became interested in the Eagle Creek leaves in 1873. Since that time 
the Columbia Gorge has been a feature of exceptional interest to all 
geologists. 

The Columbia River Canyon may be divided into an Upper and a 
Lower Canyon. The Lower Canyon extends from the Wallula Gateway 
to the Pacific Ocean, a distance of 320 miles (Pl. 1). It can be divided 
into three parts; the portion above the Gorge, the Gorge itself, and the 
portion below the Gorge (Fig. 2). The Gorge extends through the 
Cascade Mountains from The Dalles to Troutdale, between 121°15’ and 
122°15’ west longitude and 45°45’ north latitude. The tidal portion of 
the river is 140 miles long and terminates at Warrendale, within the 
Gorge (Fig. 3). 

Because the Columbia River gives the best cross-section through the 
Cascade Mountains, and because the Cascade Mountains are the key 
to much of the geology of Oregon, the writer and his associates began a 
systematic investigation of the Columbia River and the adjacent country 
in 1924. To date this region has been mapped from Umatilla westward 
to Troutdale (Hodge, 1927, 1928, 1930, 1931b, 1931c, 1931d, 1931e, 1932a, 
1932b, 1932c, 1933). 

The writer would like to express his deep appreciation for the services 
rendered by his many students, who gave their time and enthusiasm to 
help solve the problem of the geologic history of this interesting region. 

A tabular statement of the formations and principal events discussed 
in this paper is given in Table 1. 


STRATIGRAPHY 


EAGLE CREEK FORMATION 


The Eagle Creek formation is the oldest formation exposed in the 
Gorge. It consists of southward-dipping beds of pyroclastics, which are 
probably related to the John Day formation of eastern Oregon, and some 
interbedded lava flows. It is separated from the Bull Creek formation 
by a great unconformity and from the Columbia River basalt by a minor 
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Fiaure 3—Topographic map of the Gorge between Corbett and Beacon Rock 
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STRATIGRAPHY 


TABLE 1—Gcologic time table of Columbia gorge 


Periods Epochs Events and Formations 
Recent Recent (Sixth) Submergence followed 
Glacial Epoch Later Intracanyon lava by some emergence 
flows 
Inter-glacial stage 
Pleistocene Hood (Fifth) 
Glacial Epoch 
Inter-glacial stage Formation of terraces 
Jeffersonian (Fourth) 
Glacial Epoch 
Inter-glacial stage 
Intrenchment of the 
Willamettian (Third) Columbia River 
Glacial Epoch 
Inter-glacial stage Formation of Mount 
Hood and final di- 
version of Ancestral 
Columbia River 
Bull Run (Second) 
Glacial Epoch 
Cascan formation 
Inter-glacial stage Madras Surface small 
disconformity 
Cascadian (First) Troutdale formation Dispersal of berg- 
Glacial Epoch Shutler formation floated erratics Rhododendron 
Condon Lake Volcanoes 
Pliocene Upper 
Dalles formation 
Middle 
Lower Columbia River Basalt 
Surface 
Very large uncon- 
formity 
Miocene Upper Mascall formation 
Very small discon- 
formity 
Middle Columbia River Basalt 
formation 
Very small discon- 
formity 
Lower Eagle Creek formation 
Upper John Day forma- 
tion 
Small disconformity 
Oligocene Middle Lower John Day for- 
mation 
Lower Great unconformity 
Eocene Upper Clarno formation Bull Creek formation 
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disconformity. The 
3| Eagle Creek formation 
£ was named and de- 
scribed by Williams 
3 igi. 5 (1916) and Chaney 

a4 (1918, 1920).. 
Confusion in the lit- 

3 é erature arose because of 
224.82 the prior use, by Lind- 
gren (1901a, 1901b) and 
2=S"2% J. P. Smith (1904) of 
“Eagle Creek” in refer- 
ring to a Triassic area 
3°32 in the Blue Mountains 
=  inso nearly the sense of 
§ 5 a formational name, that 
Smith and Packard 
2 Ee (1919) suggested a new 
4 = name, Warrendale for- 
1 = Sa26 eis mation. If a new name 
3 Ses is to be used, it would, 
Sit perhaps, be better to 
§ 233288 choose that of the local- 
: ity of Tanner Creek, re- 
1873 and again in 1874. 
="§=~3 The Eagle Creek for- 
<i mation occupies a large 
SIN. areaon the north side of 
£23 the Columbia River, be- 
bss tween Dog Mountain 
335% and Cape Horn (Fig. 4). 
225 On the south side of the 
| river it extends from a 
point near Herman 
| 2%22% Creek westwood toa 
point one mile west of 
Dodson. Because much 
2sce° of it is buried by land- 
z ged slides a few hundred 
gezdeg years old, most of which 
3 €23$—> came from the north side 
&3 ae of the river, very few 
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good exposures are found on the south side of the river. A formation of 
similar lithology and stratigraphic position occurs in several places in the 
Cascade Mountains, for 150 miles south of the Gorge. 

The basement of the Eagle Creek formation to the north is unknown 
and should be investigated. In the vicinity of Silver Star Mountain, the 
Eagle Creek formation is in contact with a large mass of granodiorite 
that appears to be an old land surface re-exposed by the removal of the 
Eagle Creek formation. About 20 miles south, on the Clackamas River, 
the Eagle Creek formation lies with a large erosional and structural 
unconformity upon the Bull Creek formation, which may be Eocene 
(Umpqua) in age. An exposure of the Bull Creek formation presents an 
old erosion surface that lies only a little above the level of the stream and 
has a relief of not more than 50 feet in a aistance of 5 miles. 

The age of the Eagle Creek formation is indicated by its position be- 
tween the Bull Creek formation and the Columbia River basalt, its fossil 
content, and its similarity in composition to the John Day formation. 

Not later than 1868, Condon recognized that the Eagle Creek formation 
is the oldest formation in the Gorge, and that it was deposited imme- 
diately prior to the Miocene Columbia River basalt. To this conclusion 
LeConte concurred in 1873. Diller (1896) collected fossil leaves that 
were determined by Knowlton (1900) to be Miocene in age. Chaney 
(1918) and Bretz collected a fossil flora of 72 species in 1916. The fossils 
include oak, poplar, zaddchi(?) Heer, maple, bendirei Lx, smilax, elm, 
magnolia, in all more than 20 different forms. Chaney, who has dis- 
cussed the problem more completely than any one else, says: 

“When I last discussed the age of the Eagle Creek flora in 1920, the Bridge Creek 
was supposed to be upper Eocene in age. Since the Eagle Creek had a position 
intermediate between it and the Mascall, which was referred to the middle Miocene, 
I indicated my opinion that the Eagle Creek was of Oligocene age. It is now known 
that the Bridge Creek is of upper Oligocene or possibly lower Miocene age. This 
naturally sets forward the age of the Eagle Creek into the Miocene. I now consider 
it to be of an age immediately preceding that of the Columbia River basalt or 
possibly intercalated with its lower portion.” 

Berry (1929) places the Eagle Creek flora wholly in the Miocene. 
Chaney (1927) suggests that the Florissant flora of Colorado and the 
Bridge Creek flora are nearly synchronous. Knowlton and Berry give an 
upper Miocene Age to the Florissant flora. Thus the tendency of the 
paleobotanists has been to give a younger age to these formations. This 
tendency is in agreement with the fossils found in the John Day forma- 
tion, close to the east base of the Cascade Mountains, and the writer is of 
the opinion that the upper John Day and the Eagle Creek formations are 
lithologic phases of one group of pyroclastics (Hodge, 1932b). The upper 
part of the John Day formation and the Eagle Creek formation are, 


1R. W. Chaney: personal communication, 1934. 
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EAGLE VOLCANO 


<4 ting 


COLUMBIA GORGE 


Ficure 5.—Successive stages of vulcanism adjacent to the Gorge 
v Upper section shows Eagle Creek Volcano overlapped by Columbia River basalt; next section 
% shows both folded; next section shows Cascan formation lying upon both and producing a trough 
: which determined the course of the diverted Columbia River. 
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therefore, lower Miocene in age. This general conclusion, that the basal 
formations in the Gorge are younger than previously held, should be re- 
membered when the age of the Dalles formation is discussed in a later 
part of this paper. The composition and deformation of the Eagle Creek 
and John Day formations are also alike. The ages of the two are iden- 
tical; hence, one may surmise that some of the John Day ashes came 
from the Eagle Creek Volcano (Figs. 4, 5). 

The unconformity between the Eagle Creek and the overlying Columbia 
River basalt is similar to that between the John Day formation of eastern 
Oregon and the same basalt. 

Good contacts of the Eagle Creek formation with the Columbia River 
basalts are difficult to find, because the former is easily undersapped and 
caused to slide. Where exposures are large enough to be satisfactory, 
as at Mount Hamilton, the bedding of the two formations is almost 
parallel, with little or no evidence of an erosional unconformity. The 
mass of basalt just north of Wind Mountain might be interpreted as 
Columbia River lava filling a valley in the Eagle Creek formation, but 
it could equally well be considered a dike, or even a landslide block from 
Augspurger Mountain. 

All the dips of the Eagle Creek beds are southward; from west to east 
the dip changes from southwest to south and southeast. The axis of this 
structure appears to run almost north and south along Eagle Creek and 
a little east of Big Huckleberry Mountain. The amount of inclination 
decreases from north to south so that on the south side of the Columbia 
River the average dip is between 7 and 8 degrees, whereas just west of 
Big Huckleberry Mountain it averages about 14 degrees. Because the 
Columbia River basalt had very little initial slope along the Columbia 
River, and because the present dip is to the south, this dip can be 
subtracted from the present slope of the Eagle Creek formation to obtain 
the original dip of the latter formation. The indicated average dip of the 
Eagle Creek formation is 10 degrees, north of the Columbia River, and 
south of the river it is 3 to 5 degrees. 

The question now arises whether such inclinations, gradually changing 
from 8 to 10 degrees and forming a semi-conical structure, are initial or 
deformational. This is partially answered by the composition of the 
Eagle Creek formation. 

Condon (1905, p. 168) said: 

“In places where the current has undermined these fossil-beds, one may stand 


under their spreading roots of large stumps of trees, evidently standing where they 
grew. 


LeConte (1874, p. 175) said: 


“The region of the Columbia was a forest, probably a valley overgrown with 
conifers and oaks. The subsoil of this forest was a coarse, boulder drift, and either 
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by flood or change in the levels, the trees were killed, their leaves shed and buried 
in mud and their trunks rotted to stumps. Tumultuous and nv deposit of coarse 
drift, containing driftwood, covered up the forest ground and the still remaining 
stumps, one hundred, or perhaps several hundred feet deep. The surface was then 
eroded into hills and dales, then buried, and then followed the outburst of lava in 
successive flows.” 


From a boat, one can see in the Gorge walls several trees rooted in 
their old soil, standing erect, just as they grew when overwhelmed by 
pyroclastics and later by lavas. This implies small deformation of the 
Eagle Creek formation. 

The Eagle Creek formation is composed entirely of volcanic materials 
such as tuffs, breccias, agglomerates, and lava flows. Of the fragmenta] 
materials, the large pieces are angular, and the rounded ones are from 
half an inch to three inches in diameter. 

All the rocks of the Eagle Creek formation are vitrophyric, fine- 
grained or porphyritic. In order of importance the lava types are as fol- 
lows: pyroxene andesite, hornblende andesite, trachy-andesite, pyroxene 
trachyte, pyroxene basalt, hornblende basalt, and olivine andesite. A 
basalt porphyry vitrophyre occurs at a rather uniform elevation, from 
Archer Mountain eastward for 2 miles; it is the most extensive of the 
large lava flows. Its continuity suggests a source from the north. 

Although the water-worn material which is rather common close to 
the Columbia River is of the same composition as the flows and pyro- 
clastic material, it appears to have been transported a long distance. Ash, 
tuff, bentonitic shale, and agglomerate beds are common throughout the 
series. All except the beds of finest texture contain silicified wood. 

The composition, the change in physical character of this material from 
place to place, the structure, the preserved surface, and the position of 
the fossils in the Eagle Creek formation, all indicate that it is the south 
slope of a volcano that has been partially buried by the Columbia River 
basalts and only slightly deformed. This is called the Eagle Creek 
Volcano. 

COLUMBIA RIVER BASALT 

General description—The Columbia River basalt is, no doubt, the best- 
known formation in the American Northwest. It was given prominence 
by the historic essay of LeConte, wherein he says (LeConte, 1874, p. 167): 

“Tn northern California it becomes a flood flowing over and completely mantling 
the smaller inequalities, and flowing around the greater inequalities of surface, while 
in northern Oregon and Washington it becomes an absolutely universal flood, be- 
neath which the whole original face of the country, with its hills and dales, moun- 
tains and valleys, lies buried several thousand feet. It covers the greater portion 
of northern California and northwestern Nevada, nearly the whole of Oregon, Wash- 
ington and Idaho, and runs far into Montana on the east and British Columbia on 
the north . . . cannot be Jess than two hundred thousand to three hundred 


thousand square miles, i.e., greater than: the whole area of France, or nearly double 
the area of California.” 
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Geologists, at the time of Condon and LeConte, referred to the Colum- 
bia River basalt formation simply as “the basalt.” Russell (1893) called 
it Columbia lavas, as did Bonney (1899), Merriam (1901), Willis (1912) 
and Collier (1914). Williams (1916) appears to have been the first to 


WILLAMETTE 
VALLEY 


Ficure 6.—Old and new courses of Columbia River 


Dotted lines show the probable course of ancestral Columbia River; dashed lines, the present course; 
solid lines, the boundaries of existing valleys. 


refer to these lavas as the Columbia River basalt formation. He was 
correct in giving a formational name to this important group of lavas, 
and the shortened form “Columbia River basalt,” as now generally ac- 
cepted, will be used in this paper as the formation name. 

The walls of the Lower Canyon are formed by the Columbia River 
basalt except where it is displaced by later intrusions, where it is removed 
by landslides, and where the valleys of the Willamette, Prindle, and Hood- 
Adams are cut through it (Fig. 6, Pl. 2). The Columbia River basalt 
is buried so deeply that the only exposures are small patches. 

Condon considered the Columbia River basalt “Miocene or possibly 
Eocene”; LeConte, Upper Miocene; and Diller, Eocene. At present, as 
a result of Knowlton’s work (1900), the Miocene age is generally ac- 
cepted. Merriam (1901), and Willis (1912) placed the Columbia River 
basalt in the Middle Miocene. The recent discovery (Hodge, 1932b) of 
a large new area of John Day formation with vertebrate fossils establishes 
for the first time that the upper part of the John Day is lower Miocene 
or younger. The Mascall formation lies with little or no erosional un- 
conformity on the Columbia River basalt, and Merriam and Sinclair 
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(1903) have shown it to be upper Miocene. Consequently, the middle 
Miocene age of the Columbia River basalt may now be accepted. 

East of the Cascade Mountains the John Day formation was slightly 
warped and locally eroded before the outpouring of the Columbia River 
basalt. In the Columbia River basalt, interbeds of ash and tuff resemble 
the Mascall formation. The latter was laid down on the Columbia River 
basalt, as a continuation of the explosive eruptions that intermittently 
took place during Columbia River basalt time. The upper part of the 
John Day, the Columbia River basalt, and the Mascall apparently repre- 
sent the early, middle, and late parts of the Miocene of this region. The 
slight unconformity between the Columbia River basalt and the Dalles 
formation probably represents a lower Pliocene erosion interval. 

The lava flows of the Columbia River basalt consist mainly of glassy, 
andesine basalt containing little or no olivine. The individual flows do 
not appear to be parts of vast sheets of lava, but, rather, long narrow 
flows, having a maximum thickness of about 200 feet. Scoriaceous zones 
clearly mark each flow and pseudo-pillow structure (Fuller, 1930) is 
common. It is suggested that this structure is formed by rolling of plastic 
lava masses into ashes. Such pillows had a strictly subaerial origin. If 
each lava flow represents an individual eruption from a volcano, the 
whole formation (covering so great an area) must represent tens of 
thousands of individual volcanic eruptions. The flows lie so nearly 
parallel that no differences of inclination can be observed. Apparently 
they did not, like the present Hawaiian lava flows (that have a similar 
composition), flow down moderately gentle slopes. They must have had 
a liquidity that permitted them to flow great distances over an almost 
level surface. 

The average thickness of the formation is about 3,000 feet, and the uni- 
formity of thickness, over a vast area, is one indication of the levelness of 
the surface on which the lavas flowed. As many as 28 distinct flows have 
been counted in parts of the Gorge. The flows average about 100 feet 
in thickness. 

Sufficient time elapsed between the periods of eruption for the inter- 
bedded ashes to be converted into fertile soil on which forests grew. In 
places, as in Oneonta Gorge, trees with diameters of 1 to 3 feet stood 
within 10 feet of each other. The trees that lie between the lavas show 
evidence of silicification but no carbonization, and, where a number are 
found together, they lie parallel. Apparently, they were toppled over and 
buried by the lava without being burned, and were later silicified. Near 
Maryhill, an interbedded micaceous sandstone has been faulted up from 
at least 1,500 feet below the top of the Columbia River basalt. At Crown 
Point, Tunnel Point, Horsetail Falls, Latourelle Falls, and Mitchell Point 
may be found water-worn and polished boulders of basalt that are a few 
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Ficure 1. River Basact at MitcHey Point 
View eastward. (1) South dip of Columbia River basalt; (2) bed of polished basalt boulders; (3) 
drowned trees; (4) flat beds of Cascan lavas. 


Ficure 2. Gorton Creek 
Looking south, one can see a limb of a fold (east of Gorton Creek) that dips 16° S 65° W and has 
been maturely eroded. Note (c) flat-lying remnant of the Cascan formation. 


CORIBA SURFACE 
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Figure 1. Cotumsia River at PorTLAND 
View eastward to the even “peneplane” crest of the Cascade Mountains. (1) Lower flood 
plain of the river; (2) narrow gorge from which river emerges abruptly into the broad 
valley west of the Cascades; (3) even crest line of the Cascan surface; (4) Mount Hood; 
(5) Washougal River; (6) Prindle and Canyon Creek valleys. The valley-way here is 
about 1000 feet deep and is in an advanced stage of aggradation. Compare width of broad 
Willamette Valley (foreground) with narrow youthful gorge. Sloping westward is the 
Saco surface. 


Figure 2. Kuicxirat River 
View northward, up the river. The Dalles formation transgresses and lies flat on Coriba 
surface, producing the appearance of a peneplane. Photo, courtesy of Brubaker Aerial 
Surveys, Portland, Oregon. 
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inches to several feet in diameter. These appear to be the only evidence 
of a period of erosion near the middle of Columbia River basalt time. 
Those at Mitchell Point were considered by Williams to be part of the 
Satsop formation, although they are all basalt and lie between thick 
basaltic lava flows (PI. 3, fig. 1). 

All evidence, not only in this region, but elsewhere, points to subaerial 
eruption of the Columbia River basalts. Apparently, flow upon flow 
poured out until the “flood” built the region up into a great lava plateau. 
Although the Lower Canyon of the Columbia River has been examined 
throughout its 200-mile length, no feeder dikes for the Columbia River 
basalts have been discovered. This is remarkable because, if the feeders 
of this formation were fissures, the chance of the canyon intersecting one 
should be large. On the other hand, if the feeders of the flows were central 
vents, the chance of intersection would be 500 to 1000 times less. 


Structure—The character and elevation of the surface on which the 
Columbia River basalt accumulated are not fully known, but it was ap- 
parently a land surface of moderate relief. The thin soils, the trees, and 
the almost entire absence of erosional products, all lead to the conclusion 
that the lavas were laid down almost horizontally. Since that time the 
Columbia River basalt has been folded and faulted, and in general de- 
pressed, so that over large areas the base of the formation is below sea 
level. In places, the top of the basalt in the bottom of synclines is now 
only a few hundred feet above sea level. The greatest average depth of 
the depression was approximately 1000 feet below sea level. This opinion 
is based upon the premise that the Columbia River basalt has been little 
eroded and that almost the entire original thickness of the basalt is 
preserved on the crests of the anticlines. Because the Columbia River 
basalt is wholly a terrestrial formation and because its entire thickness 
is preserved, it is suggested that at the anticlinal axes the lavas lie at 
about the level of deposition. If this be true, the other portions have 
reached their present position by sagging over the area of lava with- 
drawal. Such an explanation seems reasonable in view of the extravasa- 
tion of more than 100,000 cubic miles of basalt, the sinking of part of the 
basalt below sea level immediately after extrusion, and the presistence of 
the anticlines above sea level. 

East of the Cascade Mountains the major structure of the Lower Canyon 
is a great north-dipping block, forming the Shaniko Surface, which abuts 
against the Columbia Fault. The northward-sloping Goldendale Surface 
is the continuation of the Shaniko Surface north of the fault. The east- 
ern portion of the Gorge crosses a group of north-south-trending folds 
and faults which join a structural lowland in the Columbia River basalt 
south of Mount Hood. The western portion of the Gorge is cut into a 
great southward-dipping homoclinal mass. 
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The structures east of the Cascade Mountains have been described 
elsewhere (Hodge, 1931a), but will be summarized and supplemented here. 

A fault, nearly 80 miles long, with a throw in the center of nearly 
2,500 feet, extends from Patterson, Washington, westward to the Grand 
Dalles and separates the north-tilted Shaniko block, on the south, from 
another similar structure, the Goldendale block, on the north. Both 
the Shaniko and the Goldendale blocks have youthful Pliocene erosional 
surfaces. This fault probably crosses the Horse Heaven Hills, as their 
eastern extension is an anticline, faulted on the north side. The structure 
of the western half of Horse Heaven Hills is not well known, for to the 
north, they are buried beneath later formations and farther west the 
anticlinal structure seems to swing to the southwest and continue as the 
Ortley anticline. On the Shaniko block, west of the Horse Heaven Hills, 
are the Umatilla Basin and the broad Klondike anticline. The Shaniko 
Surface terminates, on the west, in the Dalles syncline (Fig. 7). 

The Umatilla Basin is about 500 feet above sea level and 30 miles 
wide; the Klondike anticline is about 1,025 feet high and has a width of 
30 miles. 

The folded belt in the eastern portion of the Gorge is characterized 
by southward-plunging structures which change from broad open folds 
in the east to close compressed folds and faults in the west (Figs. 4, 7). 
The eastern open folds have a total width of about 5 miles, an average 
elevation of about 2,000 feet, and include, from east to west, the Dalles 
syncline, the Ortley anticline, the Mosier syncline, and the Bingen anti- 
cline. The Mosier syncline and the Ortley anticline strike southwest- 
ward and terminate at the Hood River valley. The eastern wall of the 
Hood River valley, and the termination of these folds against it, is 
interpreted as evidence of faulting. The western limb of the Bingen 
anticline is exposed north of the Gorge in Middle Mountain and the 
eastern wall of Hood River valley; south of the Gorge the eastern limb 
of the fold is revealed only in the eastern scarp. 

The group of compressed folds to the west of the Hood River fault 
will be called the Dog Mountain zone. The folds, from east to west, are 
*’.2 Underwood syncline, Hood anticline, Clifton syncline, Mitchell anti- 
cline, Cook syncline, Dog Mountain anticline, Starvation syncline, and 
Lindsay anticline. All these structures occur in a section of the Gorge 
not more than 15 miles long. The folds have an average width of 3 miles 
and a height of 3,000 feet. In addition, there is a discordance in the 
inclination of the beds on the north and south sides of the Gorge, suggest- 
ing a fault beneath the river bed. 

The deformed zone is in direct line with the principal volcanoes of 
Cascan time, as well as with the great phalanx of volcanoes including 
Mount Hood, Mount Jefferson, Three Fingered-Jack, Mount Washington, 
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and Mount Multnomah (Hodge, 1925b, 1925¢; Williams 1921), that now 
tower above the Cascade volcanic plateau. It is also in line with the 
fault on the western side of Green Ridge (Hodge, 1928b), and with the 
great Klamath Lake fault zone (Gilbert, 1928). It is to be noted, also, 
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Ficure 7.—Structural surface of Columbia River basalt formation 


(CF) Columbia fault; (MT) Maryhill Trough; (UB) Umatilla Basin; (KA) Klondike anticline; 
(TR) Tygh Ridge; (DS) Dalles synclines; (OA) Ortley anticline; (MS) Mosier syncline; (BA) Bin- 
gen anticline; (HF) Hood fault; (HV) Hood Valley and Underwood syncline; (1) Hood anticline 
and Clifton syncline; (2) Mitchell anticline and Cook syncline; (3) Dog Mountain anticline and 
Starvation syncline; (4) Lindsay anticline; (GS) Goldendale Surface; (CoF) Columbia fold; 
(CKA) Clakamas anticline, Sandy Lowland, and Shaniko Surface. 


that many smaller streams on the west side of the Cascade Mountains are 
aligned with this zone of close folding. 

The westernmost fold of the compressed zone passes into a monoclinal 
structure that extends to the Willamette Valley. Carefully measured 
dips show that the average dip of the Columbia River basalt is 344-4° S 
13° E. The course of the river is S 60° W, changing to S 66° W near 
the lower end of the Gorge. The Columbia River basalt strikes N 77° E 
and therefore appears from the outcrops to be dipping to the west (Fig. 
7, 8). 

This apparent westward dip is not the true dip but is a component of the 
true dip. This misleading apparent dip combined with the change in 
dip of the Columbia River basalt near Lindsay Creek led previous writers 
to describe a huge anticline transected by the Gorge. 
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The southerly dip carries the Columbia River basalt over the top of 
the Eagle Creek formation on the north side of the Columbia River, 
where it is largely eroded away. However, Archer, Hamilton, and Table 
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Ficure 8—Block diagram to show deceptive western dip of Columbia River basalt 
in the Gorge 


mountains, and a few other smaller eminences are erosional remnants of 
the Columbia River basalt that once covered this area (Pl. 2). 

The S 18° E dip is clearly established by the differences in elevation 
of the base of the Columbia River basalt. From an elevation of 1000 
feet due north of Prindle the base of the lavas drops to 450 feet at the 
south end of Bridal Veil Valley, and in the next 5 miles the surface of the 
basalt descends 500 feet. Between Archer Mountain and Oneonta the 
basal contact drops from 2,012 to 900 feet, or about 200 feet per mile. 
Between Hamilton Mountain and Nesmith Point the slope is about 100 
feet per mile, from 3000 feet to 2140 feet, respectively, and the same 
slope obtains throughout the 15 miles between Greenleaf Point and Eagle 
Creek. From an elevation of 3500 feet on Augspurger Mountain the 
base of the basalts slopes about 200 feet per mile to 2000 feet at Viento. 
All these slopes continue southeastward to Sandy Lowland. 

The same direction of slope is found if the elevation of the surface 
of the Columbia River basalt along the Gorge is compared to that still 
farther south along Bull Run River or along Sandy River. 

Previous writers have stated that the Cascade Mountains are an up- 
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lifted arch. This investigation, however, has revealed no support of that 
idea. In the western half of the Gorge the writer and his associates have 
measured thousands of dips from both sides of the stream and from mid- 
stream, under various light conditions. None of these dips is westward. 
It is true that the Columbia River basalt rises from the Willamette Valley 
to a maximum height in this section of the Gorge, and then descends to 
the Hood River valley, but this is probably an erosion effect. 

Bretz and Williams, notably, and other writers have insisted upon an 
anticlinal structure as a basic premise.. There can be no anticline, be- 
cause the elevation of the Columbia River basalt from east to west is 
successively lower; and the elevation of the top of the basalt is lower 
on the south side than on the north side of the Gorge. Such relationships 
can, geometrically, only result from a southeast dip (Fig. 12). 

A fourth group of structures important in the history of the Columbia 
River lies south of the Gorge. The Dalles syncline continues south- 
westward under the Cascan formation and apparently unites with a 
structural lowland, the Sandy Lowland, that can be traced westward 
from the region just south of Mount Hood to the Willamette Valley 
(Fig. 7). The structures of the compressed zone, so far as can be deter- 
mined, converge toward the south and apparently die out before reach- 
ing the Sandy Lowland. Along the east side of the Hood River Fault, 
the Columbia River basalt outcrops continuously at about 3,000 feet 
elevation as far south as Badger Butte, where it occurs at 4,500 feet. 
South of this butte, no Columbia River basalt is found, and the Dalles 
syncline cannot be traced farther. The junction of the Sandy Lowland 
with the Dalles syncline is also suggested by the skyline of the Cascade 
Mountains. Neglecting the younger volcanic peaks, the skyline, as viewed 
from the east, stands at a uniform level of about 4,000 feet, except for 
a sag at this junction. From many points it appears as if there was a 
depression here which the Cascan lavas partly filled. 

The great monoclinal structure, dipping S 13° E, exposed in the western 
half of the Gorge has few determinable warps and forms the north side 
of the Sandy Lowland. The Clackamas anticline forms to the south side 
of the Sandy Lowland. 

The time of deformation is discussed under the heading, “The Dalles 
formation.” 

CORIBA SURFACE 

Shaniko Surface (Hodge, 1931b) is the -youthfully dissected surface 
of the Columbia River basalt and Mascall formations in north-central 
Oregon. It extends to the Dalles syncline, where it passes under the 
Dalles formation (Figs. 2, 7). It is proposed to call this continuation 
under the Cascade Mountains the Columbia River basalt or Coriba Sur- 
face, not because it differs fundamentally from the Shaniko Surface, but 
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for the convenience of description and because it is now, for the most 
part, a buried surface. 

The Columbia River basalt was not much eroded before the deposition 
of the Mascall formation. The Mascall formation has been found by 
Merriam (1901, p. 305) and others to lie parallel with the Columbia 
River basalt, with small, if any, unconformity. By reason of the Mas- 
eall’s higher stratigraphic position and its fossil forms, it is placed in the 
upper Miocene. It is 1,000 feet thick, is composed chiefly of basic sub- 
silicic voleanic ash, and contains a few intercalated lava flows. It ap- 
parently represents the final eruption of ashes and associated water- 
transported material at the close of the volcanic epoch that produced 
the enormous Columbia River basalt flows (Collier, 1916). 

It is reasonable to conclude that the final phase of the volcanic process 
was not interrupted by a period of folding and erosion but that its 
products were laid conformably on the surface of the lava. Hence the 
surface must, where the Mascall formation is preserved in this region, 
be one that was cut in both formations during, and after, their folding, 
but before the later formations were laid down. 

Willis (1903) and Smith (1903, 1904) describe a peneplane on the east 
side of the Cascade Mountains extending from Yakima north almost to 
Wenatchee. No evidence of the Willis-Smith peneplane was found as 
far south as the Columbia Gorge. 

Level upland surfaces may be seen in many places above the Columbia 
River Gorge. These, when examined, are found to be not peneplane rem- 
nants but depositional surfaces. West of the Dalles syncline, the Dalles 
formation fills all structural depressions and transgresses all structural 
ridges of the surface (PI. 4, fig. 2). Farther east the Arlington formation 
lies horizontally across the Klondike anticline (Hodge, 1931c). Above 
the Dalles formation are the lava flows of the Cascan formation, and 
they, in the main, lie horizontally (Pl. 4, fig. 1). It is clear that post- 
Mascall formations filled the lowlands and transgressed the uplands of 
the Columbia River basalt and produced a plateau surface with con- 
cordant levels that resembles, but is not, a peneplane. 

The Satsop formation of Williams (1916) and Bretz (1917) is said 
by them to have been deformed with the Columbia River basalt, and 
both writers state that the structures of the Columbia River basalt and 
the overlying andesites are of one period of folding, but they make no 
reference to any peneplanation of these beds. 

The peneplane to which Diller (1915) refers is considered by the 
writer to be a maturely eroded surface in the unconsolidated Troutdale 
formation that lies as a great piedmont fan on the west side of the 
Cascade Mountains. Williams and Bretz concluded that the surface 
of the Columbia River basalt was a simple expression of its structure. 
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In this region and in north-central Oregon, large exposed areas of 
Columbia River basalt show that the Coriba Surface has not been 
greatly eroded. In general, detailed mapping of the Gorge and the Lower 
Canyon has shown that the bedding of the basalt in most places is parallel 
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Ficure 9.—Western half of the Gorge 


Showing the youthful eroded profile of the Coriba Surface and the Troutdale gravels and other sedi- 
ments lying in young V-shaped valleys. Cascan lavas with youthful volcanoes form the surface. 


to the surface. The crests of the Ortley and the Bingen anticlines are 
slightly eroded, but the troughs and flanks of the Mosier and the Dalles 
synclines are well preserved. 

Further proof that the Coriba Surface was only locally dissected is 
shown by the present distribution of basal gravels of the Troutdale for- 
mation. In it are well water-worn gravels, as much as six inches in 
diameter, that could not have been laid down upon a peneplane nor 
upon a late mature surface, but must have been deposited by streams 
with considerable gradient (Fig. 9). Finally, the Coriba Surface, where 
exposed, shows no deep soils nor other evidence of long subaerial weath- 
ering. 

Beginning in the east and proceeding westward the amount of erosion 
of the Coriba Surface will be briefly described. In the region of com- 
pressed folds there is a discordance between structure and surface that 
increases from the Lindsey anticline to the Underwood syncline. The 
Coriba profile east of Viento is that of a mature surface. The eroded 
limbs of the folds project up into the almost horizontal overlying for- 
mations. Mitchell Point is a prominent pinnacle of this character (Fig. 
10; Pl. 3, fig. 1). On the south side of the river, the Coriba Surface 
slopes from an altitude of 3,100 feet on Gorton Creek to below river level 
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Ficure 10.—Topographic map of Columbia River between Wind River and Hood River 


United States Geological Survey, Hood River, Oregon-Washington sheet (1929). Contour interval, 100 feet; scale, one to 125,000. 
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one mile east of Mitchell Point and reappears only on the east side 
of Hood River. On the north side of the river the surface slopes east- 
ward from 2,000 feet elevation on Dog Mountain to 500 feet above sea 
level and can be followed along the edge of the river, being absent 
for only about a mile and a half either side of the White Salmon River. 

At Gorton Creek (Pl. 3, fig. 2) the basalt lies between 3,800 and 500 
feet in elevation and has a thickness of 3,300 feet, which must be nearly 
the original thickness. This marks the western limit of the maturely 
eroded Hood River valley. To the west the concordance of the Coriba 
Surface and the underlying structure is almost perfect on the south side 
of the river. For example, the Columbia River basalt is exposed at 
Corbett, at 46 feet above sea level, and rises gradually eastward, reach- 
ing its highest elevation (3,800 feet) at Gorton Creek which is more 
than 10 miles east of the “axis of the Cascade Mountains.” At the 
“axis” of the Cascade Range, east of Eagle Creek, where the top and 
the bottom of the Columbia River basalt are visible, a thickness of 
2,400 feet of lava is preserved. At this place the erosion has been about 
20 per cent. 

On the north side of the river, only erosional remnants lie on the 
Eagle Creek formation, but west of Fletcher Flat and Archer Mountain 
the concordance of Columbia River basalt structure and Coriba Surface 
again is clearly shown. Farther west, on the north side of the river, 
the Columbia River basalt appears at Cape Horn at an elevation of 60 
feet, rising eastward to 500 feet within a mile, to 1,500 feet in less than 
2 miles, and to 2,012 feet in elevation on Archer Mountain (PI. 2, Pl. 5, 
fig. 2). 

The termination of the basalt at Cape Horn on the north side of the 
river and at Corbett on the south side of the river is abrupt, and it 
extends 2 miles farther on the south side of the river than on the north 
side. The abrupt ending of the basalt suggests the presence of a pre- 
Gorge valley. 

The evidence that has been cited by previous workers for the “axis of 
the Cascade Mountains” near Eagle Creek or near the Cascades was 
based (1) upon the eastward rise of the Coriba Surface from the Wil- 
lamette Valley and its rise westward from Hood River, and (2) on 
occurrence of the Eagle Creek formation in the western third of this 
cross-section. The writer’s figures show that this rise of surface east 
of the Willamette Valley is abrupt and discordant with the bedding on 
both sides of the river. The presence of many folds and some faults 
west of the Hood River valley and a monocline dipping southeastward 
farther west has been shown. The writer has also adduced evidence 
that the structure in the Eagle Creek formation is not deformational, but, 
rather, the southern part of a volcanic cone. 
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Along the Columbia River from Wallula Gateway to the Willamette 
Valley the writer has found long stretches where the Coriba Surface 
conforms to structure, and points where it is estimated that little more 
than 10 per cent of the Columbia River basalt has been removed from the 
crests of folds. Apparently, only on the west side of the Hood River 
valley and adjacent to the Willamette Valley has as much as 20 per 
cent been removed. The amount of erosion does not approach pene- 
planation, but only late youth; locally it has reached maturity. On 
the north side of the river from above Eagle Creek Volcano most of 
the thin overlapping basalt has been removed. 

The Columbia River basalt can be traced along both limbs of the 
Dalles syncline as far south as T. 3 S. Likewise, it may be followed 
southward along the east wall of the Hood River valley as far as T.1S., 
where the basalts abruptly cease at 3,000 feet in elevation, to reappear 
in T. 3 S., where, as abruptly, they reappear at an elevation of 4,700 
feet. On the west wall of the Hood River valley the basalts rise grad- 
ually from below sea level at the Gorge to 2,000 feet in elevation at 
T. 1N.; farther south they are not found. A section farther west, from 
the Columbia Gorge southward, shows the basalt at an elevation of 
2,000 feet at the head of Eagle Creek and at 2,000 feet at the head 
of the Bull Run River, but it is not found due south of these localities 
where the upper branches of the Sandy River have cut down to 1,500 
feet in elevation. A section, 10 miles farther west, exposes the Coriba 
Surface at 1,500 feet in elevation in Oneonta Gorge and in the Bull Run 
River, and at 900 feet in elevation in the Sandy River. A section still 
farther west, at Latourelle Falls on the Columbia River, also shows the 
surface descending to the south. A final section is exposed along the east 
wall of the broad Willamette Valley into which the Gorge abruptly 
enters (Pl. 4, fig. 1). Going south, up the Willamette Valley from Cor- 
bett, the edge of the Columbia River basalt is fretted, but the indenta- 
tions are not related to the present streams and must have been ex- 
cavated by ancient erosion. Because of the southeastward dip and the 
northeastward strike the slightly eroded surface is exposed on the south 
side of the Gorge farther west than on the north side (Fig. 8). West 
of the Gorge the strike of the formation crosses the river obliquely and 
forms rather prominent exposures as far west as Washougal. Thence, 
a great embayment apexes eastward at the mouth of the Clackamas 
River. 

The Coriba Surface is highest near the Columbia River and slopes 
southward to Sandy Lowland. South of Sandy Lowland it reappears 
on the Clackamas anticline, where it truncates the entire section down 
to the Bull Creek formation in a distance of 10 miles, having a slope 
of about 100 feet per mile. 
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Ficure 1. Poon AT THE HEAD OF THE DALLes Rapips 
View northward, showing horizontal beds of the Columbia River basalt in the trough of 
the Dalles syncline, and the basalt unconformably overlain by the flat-lying Dalles beds. 
Photo (courtesy, U. S. Engineers) taken October 23, 1892. 


Ficure 2. Cascape Rapips 
View northward. (1) Table Mountain, (2) Greenleaf Mountain, both remnants of Columbia River 
Basalt lying on the bedded Eagle Creek formation (cliffs are the cirque walls of Cascade Landslide) ; 
(3) beheaded valley containing a Cascan lava flow; (timbered area) Cascade Landsldie. The rapids 
are due to superposition by landslide on a southwall valley spur. 


COLUMBIA RIVER RAPIDS 
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Ficure 1. Rock at THe DaLLes Figure 2. TROUTDALE FORMATION 
North wall of Sandy River, 2 miles east of Trout- 
dale post-office. Showing gravels and sand lenses 
torrentially arranged and capped by an andesite 

flow. 


Ficure 3. Beacon Rock 
View northward across the Columbia River. Little Beacon Rock (right) is a severed portion of the 
dike-like feeders (see Figure 15). Background is a landslide cirque produced by collapse of Eagle 
Creek formation from beneath Columbia River basalt. Remnants of basalt form Arch Mountain 
(left) and Hamilton Mountain (right). 


TROUTDALE, DALLES, AND CASCON FORMATIONAL FEATURES 
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It has been impossible to find sufficient outcrops to establish beyond 
all doubt the extent and character of Sandy Lowland. All evidence 
obtainable points to a fundamental structural origin. However, the 
exposure of a few small pinnacle-like outcrops of Columbia River basalt 
and the discordance of the Coriba Surface with structure in the Clack- 
amas anticline indicate erosion, perhaps to a stage of maturity. 

The exposures of Coriba Surface testify to one remarkable fact: 
namely, the formation is best preserved in the region of the Columbia 
Gorge and least preserved about 20 miles south of the Gorge—a fact 
hardly reasonable if the Gorge were cut by an antecedent stream. 

Further proof that the Gorge was not inherited from an old surface 
is the fact that it cuts across several older valleys. It is evident from 
the topographic and geologic maps (Figs. 2, 4; Pl. 4, fig. 1) and even 
more impressive in the field, that the Columbia Gorge is a young narrow 
canyon that abruptly enters the broad mature valley of the Willamette 
River. 

The Coriba Surface was occupied by several older valleys that are 
discordant to the Columbia Gorge, among them being the Willamette, 
Prindle, Eagle Creek, and Hood-Adams valleys (Fig. 6). A lowland 
in the State of Washington extends from Prindle to Canyon Creek and, 
in turn, to the Washougal River valley. If this lowland is due to post- 
Gorge erosion, it should now be occupied by a stream which would divert 
Canyon Creek and the Washougal River by a short route to the Colum- 
bia River. On the contrary, Canyon Creek and the Washougal River 
flow parallel to, and within a few miles of, the Columbia River and, 
avoiding the lowland, follow a much longer route westward before join- 
ing it. Canyon Creek and the Washougal River cut their canyons into 
Pleistocene intra-canyon lavas, but the old Prindle Valley does not con- 
tain these lavas and exposes only Columbia River basalt and the Eagle 
Creek formation. Clearly, a stream at an elevation of about 700 feet 
once followed the Prindle Valley northwestward where it . normally 
entered the Willamette Valley (Pl. 2, fig. 1). Directly south are two 
canyons, cut in the south wall of the Gorge, that have an elevation 
concordant with the Prindle Valley, and contain, beneath the Cascan 
formation, large quantities of water-worn stream gravels. If these are 
correctly interpreted as tributaries of the Prindle Valley, then the old 
Prindle Valley lay across the present course of the Columbia River. 

The Columbia Gorge debouches into the Willamette Valley with no 
increase in width (Figs. 2, 4, 6; Pl. 4, fig. 1). The Gorge at its entrance 
to the Willamette Valley is little more than a mile in width, whereas 
the Willamette Valley, for nearly 40 miles north and 15 miles south 
of the mouth of the Gorge, is almost 25 miles wide. The Willamette 
Valley extends north and south across the axis of the Gorge, and is 
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practically normal to it. A very youthful Gorge thus abruptly enters 
a mature and evidently older valley. Entering the Willamette Valley 
from the east are the Clackamas and the Sandy valleys, both of which 
are larger than the Columbia River Gorge. Another cross-valley is 
called the Hood-Adams Valley because now it is a composite of the 
Hood River valley and the older valleys in the vicinity of Mount Adams. 
It is directly in line with the buried “Adams” Valley in the Columbia 
River basalt on the north side of the Columbia River. The Hood- 
Adams Valley is five times wider than the Columbia Gorge and just as 
deep, and must have been occupied by some large river flowing from the 
north. The character of the old drainage pattern of the Hood-Adams 
Valley is unknown, because the region to the north has never been 
explored and because the older valleys are now filled with young lavas. 
The Columbia River Gorge is a steep-walled narrow trench, where it 
abruptly crosses the wide mature Hood-Adams Valley. 

The Hood-Adams Valley extended southward around Middle Moun- 
tain to the upper Hood River valley, thence south, past the site of Mount 
Hood, to the Sandy Lowland, The location of the valley may have been 
determined by the fault along its east side. Eagle Creek and the old 
Wind River, tributaries of the Hood-Adams Valley, will be discussed 
in later paragraphs. 

It may be concluded that the Coriba Surface is almost a structural 
surface except where eroded to maturity adjacent to Willamette and 
Hood-Adams valleys and Sandy Lowland. 


THE DALLES FORMATION 


The Dalles formation is separated from the underlying formations by 
a great unconformity of early Pliocene age. It is a terrestrial deposit 
and occurs mainly on the east side of the Cascade Mountains, probably 
as a series of coalescing piedmont fans. It does not appear to have been 
disturbed, and the structure is mainly depositional. 

The Dalles formation includes beds of ash, tuff, agglomerate, mud flows, 
some lake beds, sporadic gravels, and intercalated lava flows that lie 
on the Coriba and Shaniko surfaces. Three different phases of this 
formation have been named: in the Cascade Mountains it has been 
called the Rhododendron (Hodge, 1925) and Satsop in part (Williams, 
1916; Bretz, 1917); in the vicinity of The Dalles, the Dalles beds 
and Dalles formation (Condon, 1874, et alii); south of The Dalles and 
along the east side of the Cascade Mountains, it was called Deschutes 
sands, Deschutes formation, and Madras formation (Russell, 1893, et alii). 

In 1874, Condon first described the Dalles group of beds. He said 
(Condon, 1874, p. 142-145): 
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“Another of these Pliocene lake beds is a well-defined ledge of gray sandstone— 
eeeee westward (from The Dalles) three or four miles. It is a remnant of an 
old lake bed. . . . What remains of this lake bed is today an unbroken level. 
proving * that no great violence has troubled the region since the waters of a quiet 

ke deposited its sediments there. All Miocene deposits are disturbed in Oregon. 
This deposit is not disturbed ;* must, therefore, have been deposited after disturb- 
ance at the close of the Miocene which would make it Pliocene. . . . In it was 
found a well-defined fragment of a metacarpal bone of a camel . . . Auchenia 
represents an animal perhaps twenty-five to thirty inches in height. Years ago the 
writer designated the group of rocks . . . as The Dalles group and Pliocene. 
It was from this eastern extension of the rocks that was obtained the distal end 
of a well-defined larger Auchenia, perhaps the Vitacen . . . many years ago 
I made a collection of fossils which passed into the hands of Dr. Newberry 
a specimen of birch, a branch of acacia . . . ‘the whole collection leaving on the 
pee the conviction of a cold, unfriendly climate producing a stunted growth of 
eaves. 


Knowlton (1902, p. 112) says: 
“I have been able to examine a number of unpublished plates of fossil plants of 


the late Dr. Newberry . . . from The Dalles group . the matrix . 
is a whitish, very coarse-grained volcanic ash . . . similar to the fossil plant at 
Kelly Hollow, Wenas Valley, near Ellensburg, Washington. . . . With only these 


data available, I should be inclined to regard the location affording them as referable 
to the Bridge Creek beds, viz., Upper Clarno.” (Eocene.) 


In 1905, Condon reaffirmed his earlier discoveries in letters quoted by 
his daughter, E. C. McCornack (1920), who, in 1914, said: 


“The old stone quarry at The Dalles had, of course, been thoroughly studied in 
the sixties . . leaves reported to Dr. Newberry i in 1869. . . Condon found 
The Dalles group above the Columbia River formation . . . called this Pliocene. 
They have been found in Walla Walla and Yakima Valleys in Washington and in 
The Dalles stone quarry. Just above the fossil leaves. . . . Camels were very 
abundant in southeastern Oregon during the mon § Pleistocene. By mutual 
ment Wortman, Merriam, and Hay have accepted Dr. Leidy’s old name Cam mb Pps, 
to designate this line.” 


Williams (1916, p. 128) referred to the Dalles beds, and, though he 
discussed at length the occurrence of the Satsop formation in the Gorge, 
he did not assign a Satsop age to the Dalles beds. Bretz (1917, p. 454) 
said: 

“Between Hood River and The Dalles the Columbia River has cut across two 
anticlinal ridges, each rising more than 2000 feet above the stream, Each anticline 
is composed almost wholly of Columbia River lava. Each carries patches of a 
sedimentary formation composed chiefly of volcanic detritus, but containing much 
rounded gravel in which basalt, granite, and quartzite are present.” 

In 1920, McCornack again referred to the Pleistocene age of the Dalles 
beds, and Bretz (1917, p. 454) says: 


“The Dalles beds in Oregon immediately east of the Cascade Range are thought 
to be made up of two different formations, the lower of which is a phase of the 
Satsop formation, and the upper, a post-Satsop formation of volcanic ejecta of local 
origin and small extent.” 


Bretz (1921, p. 36) stated: 


“In vicinity of The Dalles is a stratified deposit of volcanic agglomerates, tuff, 
and ash, with river sand and gravel 1000 feet thick cap yap A a great flow of basalt. 
The western margin of the deposit is up-tilted on the of the eastern anticline.” 


2Italics by the present writer. 
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Collier (1916) briefly refers to the Dalles beds in his discussion of 
the area farther east. Buwalda and Moore’s papers (1929, 1930), as well 
as that of Piper (1932), are quoted at length under the discussion of the 
age of the formation. 


hy 


Ficure 11—Topographic map of The Dalles area 
Topography by E. T. Hodge. Contour interval, 100 feet; scale, one to 250,000. 


East of the Cascade Mountains, numerous canyons trench the Dalles 
formation. These show clearly its structure, composition, and thickness. 

South of the Gorge the Dalles formation has been traced to the Clacka- 
mas River valley; it lies in many places in depressions in the Columbia 
River basalt beneath the Cascan formation. It extends for an unknown 
distance northward into the State of Washington (PI. 4, fig. 2; Pl. 5, 
fig. 1), and has been traced westward as far as the east margin of the 
Willamette Valley. On the east side of the Cascade Mountains it forms 
an enormous piedmont plateau, extending to the Deschutes River (Fig. 
11; Pl. 6, fig. 1). 

Adjacent to, and on both sides of, the Columbia Gorge the Dalles forma- 
tion occurs as small erosional patches which increase in size to the north 
and the south until they coalesce and form a continuous mantle. 
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Southward from The Dalles the upper surface of the Dalles formatior 
gradually rises to more than 2,000 feet in elevation, but the ascent is 
not the same everywhere along the Gorge. Immediately east of the Hood 
River valley and over the axis of the Bingen anticline, the rise southward 
is about 100 feet to the mile, culminating at an elevation of 1,400 feet 
near Grandview Hill. Over the axis of the Mosier syncline the Dalles- 
Columbia River basalt contact is at 310 feet in elevation. No Dalles beds 
lie on the crest of the Ortley anticline immediately south of the Gorge 
at 1850 feet in elevation, but they occur on its two flanks. Immediately 
northwest, at the brink of the Gorge, they occur at an elevation of 780 
feet and immediately south of the 1850-foot elevation they rise steadily 
southward until, at a point 3 miles due south, they are found at an eleva- 
tion of 2150 feet. Followed southward the Dalles formation surface 
attains an elevation of 3000 feet. Traced westward it rises even more 
rapidly, but its upper surface is inseparable from the base of the Cascan 
formation. 

The basal contacts of the Dalles formation rise into the Cascade Moun- 
tains toward the sources of the materials, both north and south of the 
Gorge. Elevations on opposite sides of the Gorge correspond very closely. 

The Dalles formation is essentially a lenticular mass, which is thickest 
where it overlies depressions in the Coriba Surface. Along the Gorge 
it is found only in a few thin patches between the Cascan and the Colum- 
bia River basalt; north of the Gorge the patches are fewer and smaller. 
Toward the south the formation thickens rapidly; there are large masses 
in the head of Eagle Creek and in the Bull Run River valley, and enor- 
mous thicknesses are exposed in the valleys of the Sandy River and the 
Eagle and Roaring forks of the Clackamas River. 

The Dalles formation within the Cascade Mountains is plainly of 
eruptive origin, and was probably ejected from the Rhododendron vol- 
canoes. There are no lava flows in the lower portion of the formation. 
The upper beds are intercalated with andesitic lavas, and the formation 
as a whole grades upward into the Cascan lava series. The lowest lava 
flow forms the “rim rock” at the Dalles, and other interbedded lavas 
cause the surface of the Dalles formation to rise southward as a series 
of steps, the unconsolidated beds forming the risers and the lava flows 
the treads. The upper landing is near Bend, 100 miles to the south, at an 
elevation of 3,500 feet. 

East of the Cascade Mountains, water-transported material increases 
in volume and the deposit becomes essentially torrential in character. 
The constituents are ash, tuff, agglomerate, and water-sorted sandstones 
containing pumice, glass, grit, and crystal fragments. Some of the beds 
contain sub-angular, polished, and striated andesitic boulders. Some of 
these are landslide boulders; others resemble glacial erratics. The con- 
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tained “erratics” are distinctly different from the undoubted glacial er- 
raties whieh lie on the Dalles formation. 

There are also thin narrow lenses of nearly unconsolidated gravels, 
composed largely of material from the Cascades, but also containing 
boulders of Clarno and pre-Tertiary rocks from the area to the southeast. 
Some of these gravels were transported across the present site of the 
Gorge by streams from the north. The nature of the foreign pebbles, 
and their increase in abundance toward the south, indicate that these 
gravels correspond neither to Bretz’ Satsop nor Buwalda and Moore’s 
Hood River formation (Hodge, 1932a). Gravels of similar character, 
but of different age, occur in the Shutler and the Troutdale formations. 

The Dalles formation is in places so poorly consolidated that it slides 
and slumps continuously into the many canyons. The only consolidated 
beds are agglomerates and mud flows that, by reason of their deposition 
while warm and wet, formed natural pozzuolian cements. Because of the 
ease with which the Dalles formation is dissected, canyons are exceedingly 
abundant wherever it occurs. This is surprisingly true on the east slope 
of the Cascade Mountains, despite the small rainfall (Fig. 11). 

It seems evident from the nature of its surface that the Dalles forma- 
tion is a piedmont deposit related to the Cascade Mountains. This 
material was spread by wind, water, and perhaps ice. Much of the debris 
was laid down close to the volcanic sources upon the Coriba Surface. The 
Dalles beds filled the depressions, covered the lower highlands, and even- 
tually formed a great piedmont fan deposit, extending eastward from the 
Cascade volcanic pile to, and, in some places, a short distance beyond, 
the Deschutes River. The lower beds have dips concordant with the 
slopes on which they were laid and simulate synclines; the higher ones 
have lesser dips; and the highest beds lie nearly horizontal (Fig. 12). 

When lava began to issue from the several volcanic vents, it flowed 
eastward on a very gentle slope. Hence, the uppermost flows generally 
dip eastward at angles of less than one degree, except at the very base 
of the Cascade Mountains, where their inclination is slightly more than 
one degree. 

The structure of the Dalles formation has been interpreted by many 
students as deformational. However, Condon, who spent much more 
time in detailed examination of the Dalles formation than any other 
investigator, concluded that “this deposit was not disturbed,” and McCor- 
nack and Collier (1914, p. 45) agreed. 

On the other hand, the statement has been made by Bretz, Buwalda, 
Moore, and Piper (1932), that the inclination of the Dalles formation 
resulted from deformation with the Columbia River basalt. The two 
different conclusions lead to fundamentally different inferences as to 
the age of the post-Columbia River basalt beds and as to the inter- 
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pretation of the geologic history of the Columbia River, the Cascade 

Mountains, and, in fact, of the whole Oregon-Washington terrane. 
Buwalda stated that the Dalles beds were folded with the Columbia 

River basalts and are not separated from the basalts by an unconformity, 


Ficure 12—The Dalles and overlying Cascan formation 


(Qcen) Quaternary Cascan formation; (Qd) Quaternary Dalles formation; (BA) Bingen anticline; 
(Ms) Mosier syncline; (OA) Ortley anticline; (UB) Umatilla Basin; (Qs) Quaternary Shutler 
formation; (Ds) Dalles synclines; (KA) Klondike anticline; (Tcb) Columbia River basalt; 
(MT) Maryhill Trough. 


and that the Dalles beds are well indurated. Piper (1932) stated that 


the “Dalles formation is separated from the . . . Yakima basalt by a 
slight unconformity in the vicinity of The Dalles. . . . The rock forma- 
tions younger than the Dalles formation . . . are ice raft boulders of 


crystalline rock that is not native to the Dalles region.” Piper (1932) 
also said that “The Dalles formation is separated from the underlying 
Yakima basalt by an erosional unconformity whose relief is about 100 
feet in The Dalles region” ,? but he states further, and this is to be com- 
pared with his final conclusion, “The Dalles strata, however, are nearly, 
if not exactly, parallel to the layers of basalt, and the relief of the uncon- 
formity and the degree of weathering of the underlying basalt are little if 
any greater than are some of the erosional breaks within the basalt series. 
Hence the unconformity may not indicate a long time interval between 
the two formations.” He further states that “the folds and faults deform 
the Yakima basalt and overlying Dalles formation together.” 

The field relations, some of which will be described, appear to bear 
out Condon’s interpretations. The unconformity between the Dalles 
formation and the Columbia River basalt is more structural than ero- 
sional. In general, the Dalles beds incline in the same direction as the 
basalts where the latter dip eastward. But the Dalles beds abut against 
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the west-dipping limbs of the Ortley and the Dalles synclines with a 
great unconformity; and, although the Columbia River basalt dips north- 
ward and southward from the faulted Tygh Ridge anticline, the Dalles 
beds straddle the structure with an eastern dip. 


Ficure 13.—Structure and topography at east end of the Gorge 


View westward. (1) Remnants of Dalles beds near Mayer Park unconformably overlying (2) the 
Columbia River basalt; (3) Klickitat Valley; (4) flat uplands of Dalles beds; (5) west limb of 
Ortley fold; (6) Mosier syncline; (7) Bingen anticline; (8) Underwood Mountains in Underwood 
syncline; (9) White Salmon River; (10) level crest of Cascade Mountains; (11) an old course of 
a tributary to Hood-Adams Valley; (12) perched sands, gravels; (13) abandoned channels and 
stripped rock terraces; (14) Ortley Narrows, the narrowest place in the Gorge; (15) Hill 2025, 
erosional remnant of Dalles formation; (16) airway beacon; (17) Dalles beds at 1650 feet altitude; 
(18) Underwood syncline; (19) Mosier post-office; (20) Skadat. 


West of the mouth of Rowena Dell, overlooking the brink of the Colum- 
bia Gorge, the Dalles beds dip 444° N 45° W and lie on the Coriba Sur- 
face, cut in beds which dip 2° N 45° W (Fig. 13). 

On the east-dipping flank of the Ortley anticline near Chenoweth Creek, 
the Dalles beds dip due north, and on the west fork of Mill Creek, about 
3 miles above the fork, there is a clear-cut unconformity where the 
Columbia River basalt dips 30° N 60° E and the Dalles formation abuts 
against it horizontally. At least a thousand feet of contact is exposed 
at the latter locality. 

In other places the Dalles beds dip more steeply than the Columbia 
River basalt on which they lie, positive proof that the dip of the former 
is initial. Measurements of the dip of the Dalles beds in hundreds of 
localities show that the dips of the two do not agree except in a few 
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instances, as at the troughs of the synclines and on the crests of the 
anticlines. 

Between The Dalles and Hood River, all the Dalles beds slope very 
gently northward, and, although only patches of the beds remain, pro- 
jections of their dips correlate closely with elevations of remnants on 
both sides of the Gorge. This indicates that the canyon was not present 
when the beds were laid down by streams flowing to some basin farther 
north, perhaps the Mosier syncline. The northern extension of the Mosier 
syncline has not been found, but it passes under later deposits and appears 
to continue northeastward in the direction of Yakima. 

Only the lower Dalles formation beds lying in the depressions show . 
high initial dips; the upper beds cross the crests of the folds. In the 
upper part of the formation prominent rim rocks show bold outcrops 
extending unbroken for miles. Measurements of the slope of these out- 
crops show that, regardless of trend, all are horizontal. 

If the upper Dalles beds are followed southward or southwestward into 
the Cascade Mountains, from either the Deschutes Canyon or the Colum- 
bia River Canyon, they are found to rise gradually, with constantly 
decreasing inclination, until they lie as horizontal beds overlying, with 
a marked unconformity, all of the underlying topography. It is, there- 
fore, concluded that the upper part of the Dalles formation buried all 
underlying structures and since the time of its deposition has not been 
disturbed. Condon, Collier, and the writer concur in the horizontal 
“lake-like” structure of the Dalles formation. 

It is now generally agreed that the Mascall formation is of upper Mio- 
cene age. If, as is supposed, it was the final pyroclastic phase of the John 
Day - Columbia River basalts - Mascall volcanic stage, then the Mascall 
deposits must have covered much of the area occupied by the Columbia 
River basalts. Because of its thinness, poor consolidation, and exposed 
position, it has been largely removed by erosion, only a few patches 
remaining east of the Cascade Mountains. No Mascall beds have been 
found on the Cascade Mountains, but, if they occur there, the inter- 
mixture of their materials with the Dalles beds would lead to difficulty 
in correct correlation. Buwalda (1930) found that the Pliocene Rattle- 
snake formation lies unconformably upon a graded surface cut in the 
Mascall and Columbia River basalt formations. He says that the Rattle- 
snake was then gently deformed and greatly eroded. John H. Maxson 
(1929) states in a personal letter as follows: 


“The deposits above the Columbia lavas on the Crooked River above Post bear 
a certain resemblance to the Rattlesnake formation lithologically. Some members 
of our party, indeed, believed them to be definitely Rattlesnake on that basis. 
However, I found materials in the formation which admit of no correlation but 
with the Mascall. Some of this was merychippine limb material from exposures 
near Suplee apparently interbedded between two acidic lava flows. The tooth 
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described in Carnegie Publication 393, while perhaps slightly advanced over the 
type M. isonesus, is still not later than lower or middle upper Miocene. 

“The recent account of Piper correlating the Mascall, the Dalles, and the Ellens- 
burg is in general accord with the above. But, strictly speaking, the Mascall is 
somewhat older than the other two.” 

The Rattlesnake formation of north central Oregon only superficially 
resembles the Dalles formation (Madras). Unfortunately, the Dalles 
formation is not in contact with the Rattlesnake formation, but: unpub- 
lished paleontological evidence, independently found in two widely 
separated localities by Hodge and Packard indicates that the Dalles 
formation is younger than the Rattlesnake formation.‘ 

_ Buwalda (1929, p. 16) said that “Vertebrate fossils and other evidence 
indicates that the Dalles beds are approximately Middle Neocene (Mio- 
cene or Pliocene) in age.” He based his decision upon “A horse tooth, 
a proboscidean fragment and a fused artiodactyl metapodial that were 
found in nearly horizontal massive gray tuff estimated to lie about 500 
feet above the base of The Dalles beds,” which were examined by Chester 
Stock who reported as follows (Buwalda and Moore, 1929, p. 176): 

“The tooth from The Dalles beds is a hyposodont lower cheek-tooth of a horse. 
While unfortunately the outer side of this specimen is largely destroyed, the meta- 
conid-metastylid column and the entoconid are fairly well preserved. 

“The tooth appears to have been well cemented. It is comparable in size to P4 
in the type of Hipparion condoni from the Ellensburg formation. The size and 
shape of the metaconid-metastylid column and the type of internal groove between 
these two cusps as exhibited on the wearing surface remind one rather strongly of 
H. condoni. In Merychippus this groove is frequently deep and V -shaped, whereas 
in The Dalles specimen the groove is broad and open. The entoconid is quadrate 
in cross-section, in which respect the tooth may again be regarded, perhaps, as 
slightly more progressive than Merychippus and more like Hipparion. 

“Having in mind the fact that the present material is fragmentary, the characters 


secre by The Dalles tooth would seem to suggest —-v an Upper 
iocene or Lower Pliocene stage in the evolution of the Equidae.” 


Hay (1927) referred to Pliocene or Pleistocene camel bones, Elephas 
columbi and Bison antiquus, found in the Dalles beds. 

Condon’s fossil discoveries and his definite statements that they were 
found in the Dalles beds and are of undoubted Pliocene age has been 
cited. In connection with Buwalda’s discovery, the “fragmentary” 
character of the fossils and their occurrence “500 feet above the base of 
the Dalles beds,” is to be noted. In many places the Dalles formation 
is made of material that can be traced to some re-exposed hill of the 
underlying Clarno, John Day, or Columbia River basalt. Hence, in 
torrential beds, older fossils may be re-entombed, and this may be an 
explanation of the presence in these beds of a fossil of possible Miocene 
age. In fact, it is very reasonable to suppose that, in this region, “derived 
fossils” have been carried short distances and re-entombed in the tor- 
rential deposits, without having more than the “outer side of the specimen” 
eroded. 


*E. L. Packard: personal communication. 
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That the Dalles formation is Pliocene, and may be earliest Pleistocene, 
in age is indicated by the following facts. A stage of little erosion and 
much deformation occurred after the upper Miocene Mascall deposition 
and before the deposition of the Pliocene Rattlesnake formation, and 
a period of slight deformation and much erosion intervened between the 
Rattlesnake and the Dalles formations. Some fossils of the Dalles for- 
mation are Pliocene in age; others may be Pleistocene. The Dalles for- 
mation is poorly consolidated, and the lower beds have not been folded. 
Moreover, it is difficult to understand how the beds in the upper part 
of the Dalles formation could have been depressed and later raised from 
sea level to an altitude of 3,500 feet or more, and retain their horizontal 
attitude. Whatever its age, the Dalles formation must have been in 
existence before the Columbia Gorge was excavated. 

DATE OF COLUMBIA RIVER BASALT DEFORMATION AND EROSION 
OF CORIBA SURFACE 

The evidence already cited places the time of deformation of the John 
Day-Columbia River basalt and Mascall group later than the upper 
Miocene. The small unconformity between the John Day formation and 
the Columbia River basalt suggests a deformation beginning in early 
middle Miocene. If the deformation was settling as a result of the with- 
drawal of subjacent magma, movement may have begun in Mascall 
time. Though the amount of deformation was great, it need not have 
taken a long time if it were of the type suggested. The shortness of the 
time, moreover, is indicated by the small amount of erosion in the Coriba 
Surface. In this way the large unconformity between the Rattlesnake 
and the older beds may be explained. The slight warping of the Rattle- 
snake may have been a continuation of the Columbia River basalt sag- 
ging. The erosion of the Rattlesnake, judging by the erosion of recent 
lavas in Oregon, probably proceeded rapidly and may have been con- 
current with the erosion of the Coriba Surface. 

If this reasoning is correct, the deformation of the John Day-Columbia 
River basalt and Mascall, the erosion of the Coriba Surface, and the 
deposition and tilting of the Rattlesnake took place in early Pliocene 
time; hence, early Pliocene was the time of the Cascade Revolution. 


SHUTLER FORMATION 


The name Shutler formation is proposed as a substitute for Arlington 
formation (Hodge, 1931la, 1931c, 1932a), because of the prior use of 
the name Arlington. The type locality is at Shutler, Oregon. The forma- 
tion is composed of water worn pebbles, silt, and diatomaceous materials, 
that are very well bedded and lie absolutely horizontal. The Shutler 
formation extends eastward from the Horse Heaven Hills to the Blue 
Mountains, and westward in a belt between the 1550-foot and the 1650- 
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foot contours on the Shaniko Surface; on the west it is interbedded with 
the Dalles formation. To the north it lies against the Columbia fault- 
scarp, except east of Roosevelt, where, in places, it transgresses the Horse 
Heaven Hills. Farther northward it has not been studied. Its eastern 
part is composed almost entirely of water-worn gravels that measure as 
much as 6 inches in diameter and are highly polished and rounded. The 
easternmost and lower gravel beds show well-developed torrential bed- 
ding, indicating deposition by a strong current moving from east to west. 
They extend to a point a few miles west of Arlington. The overlying 
gravels occur in a narrow belt about 10 miles wide, which is parallel to, 
and south of, the Columbia River. They show no torrential bedding and 
form only a thin veneer which can be traced westward beyond The Dalles 
and into the Willamette Valley. Hence, the lake beds are intercalated 
between gravels, and east of Arlington are entirely replaced by them. The 
lowermost gravel beds may be similar in age to those that lie in valleys 
in the Coriba Surface beneath the Dalles formation. 

The character of the beds shows that they were deposited in quiet water, 
and the presence of diatomaceous beds indicates a long period of tran- 
quility. The water in which the silts and diatomaceous earths were 
deposited stood above the 1500-foot contour and overlapped the eastern 
part of the Horse Heaven Hills northward into Washington. 

The structure of the formation indicates that some stream, perhaps 
the ancestral Umatilla River, flowed westward around the eastern end 
of the Horse Heaven Hills and brought great quantities of gravel into 
the Umatilla structural basin. Some of the gravels were carried west- 
ward until Condon Lake rose, when they were dropped as a delta. Mean- 
while, in the main body of the lake, fine materials accumulated until the 
basin was converted into a playa. The upper gravels were then laid 
across the lake beds as a stream deposit. 

Bretz (1921, p. 37) says: 

“A sedimentary deposit about Arlington, Oregon, and Roosevelt, Washington, 50 


miles east of The Dalles, is believed to be an eastward extension of the lower part 
of The Dalles beds and represent the Satsop formation.” 


The Satsop is, according to him and Williams, Pleistocene in age. 


The age of the Shutler formation is indicated by the presence in it, 
as reported by Hay (1927, p. 30), of Elephas columbi near Milton, 
Umatilla County, and the lower jaw of the same near Hermiston, Uma- 
tilla County, and near The Dalles of a Bison antiquus (Hay, 1937, p. 124) 
as well as a camelops. These localities are in the Shutler formation. 
Other evidence suggesting the youth of this formation is its horizontality 
and lack of consolidation, except in the diatomaceous beds which stand 
out in bold cliffs of dazzling whiteness. 
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The Shutler formation has been stripped from large areas of the Shaniko 
Surface to the south; to the north it has been eroded only by the trench 
where the Columbia Canyon was cut. 

Figures 11 and 12 show, more clearly than a written description, the 
effect of the Dalles and the Shutler formations in locating and super- 
posing the Deschutes, John Day, and Columbia rivers. Apparently the 
Dalles formation was deposited as a series of coalescing piedmont fans 
arranged in a north-south series. The largest fan was formed near Mount 
Hood. Each succeeding bed on the built-up slope was spread farther 
eastward, the torrential beds finally reaching a line a little beyond the 
present Deschutes River. Aeolian deposits and water-drifted silts were 
carried still farther east, the outer fringe extending to the present John 
Day River. These beds constitute the upper part of the Shutler formation, 
which is younger than the Dalles formation. To the north the Columbia 
fault-scarp formed a straight boundary. The Deschutes River, at a 
higher elevation, and the John Day River, at a lower elevation, were 
forced to flow around the eastern arc of these deposits. The ancestral 
Columbia River at the mouth of the John Day River and at the mouth 
of the Deschutes River flowed around the northeastern portion of the 
two fans until forced against the fault-scarp. In these positions the 
three rivers cut their canyons. Within the great arc formed by the 
Deschutes and the Columbia rivers the piedmont structure of the Dalles 
formation is plainly shown by the radial drainage from the Cascade 
Mountains (Fig. 11). 

CONDON LAKE 

The presence of one or two Pleistocene lakes in eastern Oregon and 
Washington has long been recognized. Condon (1902, p. 49) considered 
all the Dalles beds as lake deposits. Symonds (1881) regarded the sedi- 
mentary deposits overlying the Columbia River basalt as evidence of a 
Pleistocene lake that extended as far south as Walla Walla. He named 
this Lake Lewis, in honor of the explorer, Captain Meriwether Lewis. 
Russell (1893) later agreed with Symonds regarding Lake Lewis. Meinzer 
and Schwennesen (1918, p. 425) found positive evidence of a lake bed 
near Quincy, Washington. W. D. Dall is quoted (Meinzer and Schwen- 
nesen, 1918, p. 425) thus: “The fossils from the Lake beds are fresh- 
water species, all of which are still living, and not older than the Quater- 
nary period. They are of the boreal type and could have lived in the 
cold water of a glacial lake.” Collier (1916) describes a lake in the 
Umatilla Basin which he considered a part of Lake Lewis. He (Collier, 
1916, p. 31) considered Lake Lewis to be of Pleistocene age because of 
the “occasional bones or teeth of the mammoth or other animals that 
lived there. The lands lie within what must have been an ancient lake 
or arm of the sea of geologically recent times. The lake sediments have 
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been reworked by the Columbia River and side streams, and very greatly 
modified by the action of the winds since the lake disappeared.” In 
eastern Washington, Smith (1903) believed that part of the Ellensburg 
formation was deposited in standing water, though the main bulk of it 
was formed by work of torrential streams. Merriam and Buwalda (1917) 
said that the Ellensburg “farther east along the Columbia River is of 
lacustrine character,” and of the Ringold formation that it is “to be 
regarded as an undissected remnant of the aggradational surface developed 
at the close of the period of deposition, and indicates the elevation to which 
the basin was filled.” 

The references just cited are not offered in an attempt to prove the 
contemporaneous deposition of all these lake deposits, but simply to 
show that lake beds, as such, have been recognized. The name, Lake 
Lewis, is not used in this paper because it refers definitely to a lake in 
Washington, a lake that perhaps existed contemporaneously with Condon 
Lake, but, if so, was an independent body of water that was not united 
with Condon Lake until the Shutler lake beds transgressed the eastern 
part of the Horse Heaven Hills. Further, a new name is chosen for 
the Oregon locality because, in this paper, the writer is specifically 
assigning a lake to a different and definite locality, time, and mode of 
origin, and does not wish to have it confused with Lake Lewis of Wash- 
ington. Condon Lake is named in honor of Oregon’s pioneer geologist, 
Thomas Condon. 

In this paper the writer will offer only additional evidence of the lake 
obtained since the publication of his paper on the Columbia Fault 
(Hodge, 1931a). 

Condon Lake first formed as a result of partial damming of the 
ancestral Columbia River by the Dalles formation in the Cascade zone. 
The course of this ancient river is inferred from several facts, some 
of which have been mentioned in connection with the Shutler formation. 

The ancestral Columbia River apparently rose in the Horse Heaven 
Hills and Blue Mountains, with tributaries corresponding to the Wild 
Horse and Meacham branches of the present Umatilla River. The main 
stream followed the Maryhill trough at the base of the Columbia fault- 
scarp to the Dalles syncline, flowed along the syncline to Sandy Low- 
land, where it turned westward to the Willamette Valley. 

When the Dalles formation was erupted in the Cascade zone, it 
partially blocked the ancestral Columbia River, causing ponding of the 
upper portion and the formation of Condon Lake. The supply of water 
was so large that the stream maintained its course across the easily 
eroded Dalles beds and was not completely dammed. The western 
portion of the lake was filled with material from the Dalles formation; 
the rest of it was filled from the east and south by the gravels and silts 
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Ficure 1. Winp AND SHELL Rock Mountains 
View westward. Shell Rock Mountain (left), Wind Mountain (right), with Columbia 
River flowing between. (1) Wind River valley, (2) Greenleaf Peak, (3) Stevenson. 


Ficure 2. LAvA TOPOGRAPHY NEAR QUINTON, OREGON 
View northwest from south side of Columbia River. 


Ficure 3. TROUTDALE FORMATION AT Mount PLEASANT 
North side of Columbia River, a mile west of Cape Horn. (1) Columbia River basalt, 
(2) Troutdale formation, (3) andesite flow from Mount Pleasant (upper right). Surface is 
Saco Surface. Note sand islands in foreground. 
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Ficure 1. View FROM ABOVE MOUTH OF DescnuTes River 
Showing Celilo on south side (left) and Fall Bridge on north side (right) of Columbia River. (1) Crest 
of Cascades, (2) Cascan formation overlying Dalles formation, (3) Bingen anticline, (4) Mosier syn- 
cline, (5) Ortley anticline, (6) Dalles syncline, (7) eroded west limb of Klondike anticline, (8) chan- 
neled surface of Columbia River basalt, (9) lava topography, (10) Deschutes River, (11) Celilo 
Rapids, (12) Dalles formation. Photo, courtesy of Brubaker Aerial Surveys, Portland, Oregon. 


Ficure 2. Cascape RApips 
View northward, from Oregon side across the Columbia River to (1) Cascade Landslide, portions of 
which form the rapids, (2) Table Mountain, (3) Red Bluffs, (4) Greenleaf Peak. Photo (courtesy, 
U. S. Engineers) taken December 6, 1891. 
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of the Shutler formation. Fluctuation in the lake level doubtless re- 
sulted from variations in the balance between deposition and erosion 
at the lake outlet, and the lake at times may have approximated a playa. 
The lake beds in the Shutler formation indicate that lacustrine con- 
ditions prevailed until the filling reached an elevation of at least 1200 
feet. 

With the filling of Condon lake and the aggradation of the upper 
tributaries of the ancestral Columbia River, the drainage reverted to 
river conditions. Gravels and erratics were transported across the 
lake filling and as far west as the Willamette Valley. The present-day 
elevation and distribution of these coarser materials enable one to 
trace the course of the old river and to determine the height of the 
filling when the lake disappeared. The latter elevation appears to have 
been about 1900 feet. Erosion in the lower portion of the river removed 
the valley filling of Dalles material to levels somewhat below the 
present floor of the Willamette Valley. 


INTEGRATION OF COLUMBIA RIVER 


A remnant of Shutler formation atop the Horse Heaven Hills in 
R. 22 E. indicates that Condon Lake overflowed the ridge, and may have 
joined Lake Lewis. When Condon Lake disappeared the Washington 
rivers may have been captured by a branch of the ancestral Columbia 
River, or Lake Lewis may have overflowed southward. Such a diversion 
would augment the ancestral Columbia River by the amount of the com- 
bined flow of the upper Columbia and Snake rivers. The integrated 
river system would transport large amounts of materials from north- 
eastern Washington, and possibly British Columbia. The decrease in 
stream gradient as it reached the Shutler beds would cause it to drop 
part of the gravels on the lake beds, along a highly braided course, 
as they are now found. 

TROUTDALE FORMATION 

Troutdale formation is the name proposed for a great piedmont fan 
deposit lying on the west side of the Cascade zone. It is well displayed 
at Troutdale, Oregon. Inasmuch as this paper is concerned principally 
with the Columbia Gorge, only that part of the Troutdale occurring 
adjacent to it will be discussed. 

The Troutdale formation occurs on the north side of the Columbia 
Gorge only west of Cape Horn. It may be traced into the Willamette 
Valley to the west, and northwestward into the valleys of Washougal 
River and Canyon Creek (Figs. 2, 3, 9; Pl. 2, fig. 1; Pl. 4, fig, 1; Pl. 7, 
fig. 3). All the occurrences are lens-shaped, becoming thicker west 
of the mountains and thinning again west of the Willamette Valley. It 
is overlain and intruded, in places, by later andesitic lavas. On the 
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south side of the Gorge, it may be traced from the Willamette Valley 
eastward on the gradually rising Coriba Surface. It rises eastward 
from river level at Troutdale (Pl. 6, fig. 2) to elevations of about 600 
feet at Bridal Veil, 1950 feet at Tanner Creek, to 2700 feet just east of 
Herman Creek, and then pinches out. East of Herman Creek, no Trout- 
dale formation has been found. 

The Troutdale occurs on Coriba Surface only in irregular and very 
scattered exposures. About 80 per cent of the surface is overlain 
directly by the Cascan formation. Where the Troutdale occurs, it lies 
in what appear to be cross-sections of north-south young valleys in the 
Coriba Surface, and, where the torrential bedding of the gravels in these 
valleys can be determined, it dips to the south. In many places along the 
Gorge and on the west side of the Cascade zone the Troutdale type of 
material lies on top of the Dalles formation, but in many other places the 
pyroclastic materials of the two are indistinguishable and were de- 
posited contemporaneously. 

The Troutdale formation occurs at the crest of Portland Heights, Kelly 
Butte, and Mount Tabor; hence, it once filled the Willamette Valley 
near Portland to an elevation of more than 600 feet. Most of these 
gravels have since been dissected and reworked. 

The Troutdale formation is composed largely of mud flows or agglom- 
erates that contain enormous, irregular, highly vesicular, slaggy, and 
glassy andesitic boulders. The andesite boulders are invariably quite 
soft. Columbia River basalt pebbles are also abundant. The soft 
andesites and basalts appear to have been hydrothermally altered by 
hot gases and hot mud flows, which must have been of frequent occurrence. 
Small lenses of faceted quartzite pebbles suggest local alpine glaciation. 
The pebbles were first water-worn and then faceted and grooved. 
Crystal tuffs and glassy pellets about one-tenth of an inch in diameter 
form brown sandstone or grit beds; others are made up of pink, yellow, 
and white ash. 

The “foreign pebbles” occur in conglomeratic beds, cemented in a 
matrix of pyroclastic material. Pebbles of all kinds constitute 80 per 
cent of the total exposed thickness of the conglomerate lenses at Trout- 
dale post-office, but decrease eastward to less than 10 per cent at Herman 
Creek. The pebble content of the formation as a whole is much less, 
because the conglomerate beds are exceedingly lenticular. The pebbles 
are dominantly water-worn. In places, the conglomerates form in- 
verted dikes, seemingly formed by the falling of pebbles into cracks 
in a highly fissured surface over which they were being washed. These 
pebbles consist of quartzite, vein quartz, granite, pegmatite, gabbro, 
and rhyolite. The rhyolites closely resemble types found in the Clarno 
formation. 
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The source of the foreign pebbles is a problem which has not yet 
been solved. Many of the non-voleanic pebbles could have come from 
Mesozoic and Paleozoic rocks in the regions south and east of Condon 
Lake. Others may have come down the upper Columbia and Snake 
rivers. Williams and Bretz may be right in their suggestion that they 
came from the Canadian border. However, many must have been 
derived from the Ellensburg formation and the Eagle Creek formation, 
which are cut by the Columbia and its major tributaries. For instance, 
the road from Logey Creek south to Bickleton follows the western 
boundary of a low member of the Ellensburg formation which is a per- 
sistent conglomerate bed containing red quartzite pebbles. Quartzites 
eroded from this formation have been spread over the surface as scat- 
tered loose cobbles for a long distance east and west of Bickleton. 

All who have written on the Ellensburg formation have assigned the 
Cascade Mountains, to the west, as the source of its material. This 
would be the country north of the Columbia Gorge, which is, geologically, 
an unknown land. In a large part, the Ellensburg formation must have 
supplied the ancestral Columbia River with “foreign pebbles,” and it 
is possible that many were obtained initially by erosion of old lands 
north of the Gorge. Certainly, the pebbles were deposited in pre- 
Gorge valleys that headed in the country to the north, as is shown 
by the occurrence of conglomerate beds, their highly lenticular character, 
and their position in the bottom of shallow, V-shaped valleys that are 
exposed in cross-section in the Coriba Surface along the Gorge. Their 
absence on the north side and their occurrence on the south side of 
the Gorge, as far south as the Clackamas River, indicates they were 
swept southward on the Coriba Surface. The southward course of these 
streams is also demonstrated by the torrential bedding in the conglom- 
erate beds. 

Part of the Troutdale formation was laid down in valleys in the 
Coriba Surface prior to the outburst of the Rhododendron volcanoes. 
Most of the Troutdale was spread into the lowlands, filling them so 
that the Dalles water-worked pyroclastics were spread westward as far 
as the Willamette Valley. The two formations here are nearly con- 
temporaneous. The last, and upper, part of the Troutdale apparently 
was formed by the raising of stream gradients and the filling of all low- 
lands with Dalles formation in the closing days of Dalles time so that 
pebbles were brought from distant sources. 

The presence of land plants and abundant fossil wood in the Trout- 
dale formation, and the complete absence of either fresh or salt-water 
fossils prove the piedmont character of the deposit. 

The distribution of the Troutdale formation is such that it could 
not have been deposited by a stream following the site of the Gorge. 


876 E. T. HODGE—GEOLOGY OF THE LOWER COLUMBIA RIVER 


Its great volume south of the Gorge was the first clue to an ancestral 
Columbia River. The rapid increase in thickness of the formation as 
a whole west of Bridal Veil Canyon, and its great thickness on the east- 
ern wall of the Willamette Valley, at least as far south as the Clackamas 
River, indicate streams flowing southwestward from some highland, 
toward a major valley. The great increase in the percentage of foreign 
pebbles opposite the mouth of the Clackamas River, as well as the in- 
creased thickness of the Troutdale formation, clearly indicate that some 
older stream concentrated the more resistant pebbles in a large piedmont 
fan opposite its mouth. 

The absence of mica in the Troutdale formation and its abundance in 
terrace deposits in the Gorge also indicates a different source for the Trout- 
dale material. 

Bretz has interpreted certain occurrences of beds, which he called “Sat- 
sop,” as indicating deformation. These and other occurrences have been 
examined. In many places the “synclinal beds” are found to be beds of 
voleanic ash that lie above or below—some as much as several hundred 
feet—other similar beds of ash, any one of which might have been selected 
under his definition for Satsop. For instance, his cited occurrence at 2000 
feet in elevation in Viento Canyon consists of volcanic ash and tuff in 
which occur no foreign or other water-worn pebbles. The writer agrees 
with Williams that the material beneath Benson Plateau, at the crest of 
the “axis of the Cascade anticlinal arch” between the later lava flows and 
the Coriba Surface, is a bed of sorted volcanic ash and agglomerate. From 
Tanner Creek to Herman Creek the quartzite-bearing lenses increase 
steadily in number and then cease altogether. The “suspiciously yellow 
to brown material” high up in the cliff beneath Nesmith Point contains no 
foreign pebbles, but consists of voleanic ashes and agglomerates inter- 
bedded between the flows of Nesmith voleano which are truncated by the 
present Gorge. The writer sees no reason why the “Satsop” beds else- 
where cannot be interpreted as later terrace deposits. 

Further, the writer has found that “Satsop”, Troutdale, or Dalles for- 
mation beds do not fit the actually measured structure in the Columbia 
River basalt formation; whereas at Viento Creek the Coriba Surface is 
2000 feet in elevation, southwest of Mitchell Point it is only 700 feet above 
sea level; that'is, between these two places there is a 1300-foot eastward 
descent of the Coriba Surface, but in the same location, the well-defined 
west limb of the Dog Mountain anticline dips westward. Here, water- 
worn pebbles of purely local origin, which are found on the Coriba Surface, 
cannot be used as evidence of the structure, because its variation in eleva- 
tion is directly opposed to the observable and measurable structure in the 
Columbia River basalts. 
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A flora discovered by Winstanley on Buck Creek, near the Sandy River, 
consists of at least four genera and seven species of plants, including the 
oak, willow, walnut, and sequoia. Williams (1916, p. 128) says: 

“The —, i apparently identical with the living redwood of California and 
the oak and willow likewise closely resemble their California relatives, thus indi- 
cating a warmer climate than at present. The fossil horizon occurs three-fourths 
of a mile back from the Sandy River road on the south side of the rong - 
Buck Creek, twenty-five feet above the water and beneath an overhanging cliff 
the conglomerates . . . Pleistocene in age.” 

Chaney’* credits the determination of species and age to Knowlton. 

The Troutdale formation lies mostly on top of Dalles beds. It is in 
part younger than the Dalles formation and may represent the closing 
stage of Dalles time. It is much older than the Columbia Gorge and is 
slightly older than the glacial-erratic stage. The occurrence of the Trout- 
dale formation only in very youthful valleys in the Coriba Surface is 
also indicative of the late date at which the Columbia River basalts were 
eroded. It is similar in age to the post Shutler gravel stage of the ances- 
tral Columbia River and, therefore, probably earliest Pleistocene. 


MADRAS SURFACE 


By the close of Troutdale time, most of the structural and erosial depres- 
sions in the Shaniko and Coriba Surfaces had been filled to overflowing. 
The resulting essentially constructional surface was the beginning of the 
Cascade Mountains. From the Cascade zone the great piedmont fans of 
Dalles and Troutdale beds sloped eastward to the future location of the 
Deschutes River and westward beyond the Willamette Valley. Farther 
to the east, this surface formed a high level plain. Along the Cascade 
zone, the surface was marked by many explosive volcanic cones. The 
higher ridges of the surface rose a little above the gentle slope; the surface 
so formed is called the Madras Surface. 

The streams of later Troutdale time slightly modified the Madras Sur- 
face in their attempt to keep contact with their master stream, the an- 
cestral Columbia River, which followed its meandering and braided course 
to the Willamette'Valley. 

RHODODENDRON VOLCANOES 


The Rhododendron volcanoes, named from the type locality at 
Rhododendron, Oregon, were confined largely to the Cascade zone, prob- 
ably because of the crustal weakness in the folder zone west of Hood 
River valley (Hodge, 1925c, p. 8). Their part in the deposition of the 
Dalles formation has already been described. The early eruptions were 
only the beginning of the voleanism which has continued to the present 
time. The Rhododendron volcanoes rose on the completed Coriba Sur- 


5R. W. Chaney: personal communication. 
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face. Their products are dominantly andesitic but range from basalts 
to dacites. 

Although the main centers of Rhododendron volcanic activity were in 
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Ficure 14—Topographic map of Hood River valley 


United States Geological Survey, Hood River, Oregon-Washington sheet (1929). Contour 
interval, 100 feet; scale, one to 125,000. 


the Cascade zone, numerous eruptions occurred to the west. Examples 
of western cones are Prune Hill and Mount Pleasant (Fig. 13; Pl. 2, fig. 1) 
on the north side of the Gorge, and Mount Scott, Kelly Butte, and Mount 
Taber in the Willamette Valley. Some of the extrusive rocks are in part 
pre-Troutdale, for Troutdale gravels overlie, and contain fragments of, 
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them. Others, such as those of Mount Tabor and Rocky Butte, are post- 
Troutdale, as burned pebbles are’ found in the scoria of their craters. In 
quantity the extrusive lavas in this area composed less than 10 per cent 
of the volume of the pyroclastic material, and the amount of lava dimin- 
ished to a negligible amount in later Troutdale time. 

Williams and the writer agree that the Underwood lavas are unde- 
formed and lie directly upon the Coriba Surface (Fig. 10). Williams says 
that they only partially dammed the Columbia River, but the writer 
is convinced that the lavas at Clifton, on the south side of the Columbia 
River, are petrographically identical with those of Underwood Volcano. 
The lava flows on the two sides of the river have a concordant level, and, 
from the top of Underwood Mountain, they slope steadily southward up 
the present Hood River valley, for 5 miles to Tucker’s Bridge. Further- 
more, if “Underwood lavas partially dammed Columbia River” they 
would have flowed up and down the Gorge, and some remnants should be 
found in re-entrant coves. However, none exists. 

Overlying the Underwood lavas are east-dipping lavas of much later 
date, from Mount Defiance. Both volcanoes must be pre-Gorge in age. 

Middle Mount Volcano probably developed at the same time as 
Underwood Mountain, dividing the Hood-Adams Valley into a northern 
and a southern part. Booth Hill and Lenz Butte also belong to the 
Underwood stage (Fig. 14). 

CASCAN FORMATION 

The terms, Cascade andesites, series, and formation, have long been 
in use, referring loosely to the andesites and other lavas that cap the 
Cascade Mountains. It is in that sense that the writer has used the 
term until now (Hodge, i925a, 1927, 1928a, 1929a, 1929b). ; 

It is now recognized that andesites occur in large bodies dating from 
recent time back to the Eocene. Many of these occurrences, without 
careful field work, might be mistaken for the capping andesites. The 
mnemonic name, Cascan, is proposed here for the formation composed 
chiefly of andesitic lava flows that lie on top of the Dalles and Trout- 
dale formations and are older than the Mount Hood formation, which 
consists of the lavas of the present Mount Hood. The type locality is 
in the Cascade Mountains of northern Oregon (Fig. 4, symbols Qen). 

Unlike the Columbia River basalt, the Cascan formation displays 
many feeding dikes, sills, and volcanic necks in the few valley walls 
that cut through its well-preserved surface. Several of these are ex- 
posed in the Columbia River Gorge, where they stand out as prominent 
features. Beacon Rock and Wind Mountain are two outstanding ex- 
amples. 

Wind Mountain is a high isolated mass (Fig. 10; Pl. 7, fig. 1) on the 
north side of the Columbia River in R. 8 E. Shellrock Mountain is 
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Ficure 15—Topographic map of Columbia River between Beacon Rock and Carson 
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directly opposite it, on the south bank. The rock in both masses is 
diorite porphyry grading to andesite porphyry and felsite near the 
margins. The intrusive character of the rock is plainly shown in the 
Shellrock mass, where it cuts the Columbia River basalt. 

The texture and composition of the rock in these two mountains is such 
that one can with certainty consider them part of one mass. There would 
no doubt be riffles in the river, between the two, were it not for the slack 
water extending from the Cascades to Hood River. These two mountains, 
therefore, have been interpreted as forming the Windshell volcanic neck. 
Windshell volcanic neck is long and lenticular as shown by the fact that 
immediately to the north, and rising to an elevation of 3010 feet in Breeze 
Mountain, and due north in almost a straight line, is a series of intrusives 
that rise to still higher elevations—all, evidently, part of the same intru- 
sive. The Breeze Mountain mass is also clearly intrusive in the Colum- 
bia River basalt. None of the Windshell intrusives shows any evidence 
of deformation or metamorphism, despite the fact that they occur where 
others have postulated the “axis of the Cascade” with “several thousand 
feet of uplift” and where field work has shown that the Columbia River 
basalt is involved in the Dog Mountain zone of close folding and faulting. 

The composition, evident emplacement since the deformation of the 
Columbia River basalt, perfect preservation, and elevation suggest that 
the Windshell intrusive is one of the feeders of the Cascan volcanoes. 

On the south side of the Columbia River, 134 miles due east of Steven- 
son, is the Union intrusive, which has a coarse-grained texture in the 
center and a chilled periphery (Fig. 10). It is a pyroxene trachy-ande- 
site, which indicates that it is another small feeding neck of the Cascan 
formation. 

Beacon Rock, which was named by Lewis and Clark in 1806, stands 
practically at the water’s edge on the north side of the river, across from 
Warrendale (Figs. 3, 15; Pl. 2; Pl. 6, fig. 3). It is part of a dike which 
can be traced northward to Mount Hamilton, where its cross-cutting 
relationship with the Columbia River basalt is clearly shown. Like the 
Windshell intrusive, it is a lenticular feeder that divides into many 
smaller pipes near the basement of the Cascan formation. Its columns 
curve outward, normal to a former voleanic-neck contact. Beacon Rock 
itself is less than 500 feet in diameter, and its top forms a very narrow 
serrated hogback that rises 815 feet above normal water level. It is ande- 
sitic and is obviously a feeder of the Cascan formation. Many other 
feeders of the Cascan are exposed along the Gorge and farther south. 

The Cascan formation rests as an almost perfectly preserved thick 
“blanket” over the Madras Surface of the Cascade zone. It surmounts 
the brink of the Gorge, and outcrops almost continuously along the entire 
south wall of Columbia Gorge. North of the Gorge, the Cascan formation 
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occurs in small patches (Fig. 4). In places, the lavas on the south wall of 
the Gorge are at the same level as, and petrographically similar to those 
on the north wall, indicating that lava flows crossed the site of the Gorge. 
The Cascan volcanoes still stand in large numbers south of the Gorge, but 
few occur to the north within the region under consideration. 

The Cascan formation is composed of andesites, basalts, and trachytes 
of many different varieties. Many lava flows of the Cascan formation 
are interbedded with volcanic ash, tuff, and agglomerate that are iden- 
tical to those in the Dalles formation. The gradational relation of the 
Dalles and Cascan formations has already been pointed out. 

Because of the importance of the structure element in the history of 
the region, rather detailed evidence will be given, though only a few of 
the numerous volcanoes need be described. Previous writers have in- 
ferred a deformation of the Cascan formation. The present writer has 
found no evidence of deformation; the lava flows can be traced down 
the volcanic slopes with initial dips. 

The descriptions will be given in order from east to west. East of 
the Hood River valley are several voleanoes, such as Lookout Moun- 
tain, Mill Creek Butte, and Shellrock Mountain, which are so young 
that their cindery craters and slaggy slopes are preserved. Many other 
smaller cones are scattered to the north and east. From these volcanoes 
the lavas may be traced with perfect continuity on the inter-stream 
uplands and in the Gorge walls. All lavas slope toward the shallow 
basin of the Mosier syncline. Some, farther south, can be traced across 
the completely filled Mosier synclinal basin, eastward to the Deschutes 
River. None of these andesites is conformable with the Columbia River 
basalt, and many have an initial inclination much less than that of the 
underlying Dalles formation. 

The east wall of the Hood River valley truncates the Cascan lavas, 
the Dalles formation, and the Columbia River basalts alike (Fig. 14), 
showing that some of the Cascan lavas originated to the east and that 
the valley was filled with Dalles formation when the lavas flowed west- 
ward. 

Mount Defiance, 4960 feet in altitude, is the most prominent volcano 
west of Hood River (Fig. 10). Traced northward to the brink of the 
Gorge, its lavas terminate at an elevation of 2550 feet. Northeastward, 
at the junction of Hood River and the Gorge, they are covered by the 
alluvium at an altitude of 550 feet. Due east, they pass under the allu- 
vium at 1000 feet in elevation, and to the southeast they lie upon the 
Columbia River basalt with a contact that gradually rises. Though the 
mountain center lies within a mile and a half of the Gorge, erosion has 
removed its lavas back only to the Gorge wall. No Defiance lavas occur 
on the north side of the Gorge, and its former slope north of the Gorge 
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is undeterminable, but it is obvious that if the voleano had erupted after 
the Gorge was in existence, its lavas would have flowed northward into 
the present Gorge and filled it, and the northward slope would have been 
the steepest slope of all. On the contrary, the steepest slope is east, 


Ficure 16—Cascan Surface 

View westward along contact of the Cascan formation (Qcen) with underlying southeastwardly 
dipping and sloping Columbia River basalt (Tcb) formation. (1) Eastward-flowing tributary to 
Hood-Adams Valley with the consequent streams of Eagle Creek (ECB), Tanner Creek (TB), and 
McCord Creek (MB); (2) Washougal Canyon creek basin; (3) basin in which a tributary found 
@ consequent course to Willamette Valley. By headward erosion, the streams at (3) and (1) formed 
a low col which was followed by the overspill of Columbia River. The major parts of the basins 
are even now intact and the, volcanoes, except Nesmith Point, are almost uneroded. The named 
volcanoes and their elevations are (IM) Indian Mountain, 4894; (CH) Chinidere, 4666 (TL) Tomlike, 
4547; (TM) Table Mountain, 4500; (EB) Eagle Butte, 4236; (T) Tanner Butte, 4508; (MT) Mount 
Talapus, 3900; (P) Palmer Peak, 4010; (N) Nesmith Point, formerly 4000, now 3870; (L) Larch 
Mountain, 4045; (PP) Pepper Peak, 2137; (R) Ross Mountain, 1300; (MZ) Mount Zion, 1458; 
(C) Chamberlain Mountain, 900; (MP) Mount Pleasant, 1010; (BP) Benson Plateau; (DR) Devils 
Rest; (AR) Angels Rest. 


toward the pre-Gorge Hood - Adams Valley, where its lavas overlie those 
from Underwood Mountain. Further, it is significant that the Columbia 
River basalts form a narrows immediately north of Mount Defiance. 
Also, north of the Hood River valley and Mount Defiance, there are no 
remnants of the Cascan on the Columbia River basalt surface, though 
they form a complete mantle to the south. Hence, Mount Defiance lavas 
must have terminated against a south-facing slope of the Coriba surface 
south of Dog Mountain and Cook Hill. 

Benson Plateau is a triangular mass of Cascan formation, with the 
base of the triangle parallel to the south brink of the Columbia River 
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Gorge (Fig. 15). The surface of the Cascan on Benson Plateau is 4100 
feet in elevation, and its lower contact in the Gorge is at 3000 feet. Ben- 
son Plateau is made up of flows from Tomlike Mountain, Chinidere, and 
Mount Talapus (Fig. 16). It is significant that, though Mount Defiance 
is much higher, the contact of the Cascan with the Columbia River basalt 
north of Mount Defiance is lower than that north of Benson Plateau. 
The northward slope of Benson Plateau’s lava is less than 2 degrees to 
the very brink of the Gorge. 

West of Eagle Creek, beginning at the north and extending southward, 
are: the unnamed elevation, 4153; Tanner, 4100; Eagle, 4236; Table, 
4500; Buck Point, 4768; and still others extending southward almost in 
a straight line. The lavas from these peaks extend westward in a smooth 
slope, but have been eroded on the east side. Their eastward-directed 
flows met those flowing westward from Tomlike Mountain, Chinidere, 
and Indian Mountain and formed a north-south constructional sag. It 
is exactly in the center of this sag that Eagle Creek eroded its valley 
(Fig. 15). In Eagle Creek Canyon, adjacent to the Gorge, the Columbia 
River basalt contacts the Cascan at about 2800 feet. The contact grad- 
ually descends southward, and at the south end of the canyon passes 
under the Dalles formation somewhat below 2000 feet in elevation. The 
Dalles formation outcrops only at the south end of Eagle Creek valley, 
and its surface, in turn, slopes southward from 2700 feet to 2300 feet in 
elevation. Eagie Creek Canyon contacts are typical of those in other 
south-side canyons tributary to the Gorge, and clearly prove that the 
Cascan formation flowed northward against a south-¢ipping slope. The 
Cascan lavas must have filled Sandy Lowland long before they flowed 
northward over the site of the Gorge. 

An east-west alignment of volcanoes of the Cascan is typical of this 
part of the Cascade Mountains. West of Eagle Creek, and paralleling 
the Columbia River, in almost a straight line, are: Tanner Butte, Mount 
Talapus, Latourelle, Larch Mountain, Pepper Mountain, Ross Mountain, 
and Chamberlain Mountain. From these peaks the lava flows may be 
definitely traced northward to the brink of the Columbia Gorge or south- 
ward to the brink of the Bull Run Canyon. Farther south, between the 
Bull Run River and the Sandy River, is another row of volcanoes, and 
there are other lines of volcanoes still farther south. Accordingly, one 
finds constructional troughs in the Cascan Surface almost perfectly pre- 
served between the various east-west phalanxes of voleanoes. There can 
be no doubt about these troughs, for more than 90 per cent of each is 
perfectly preserved. At the very axis of each trough, a stream has cut 
a canyon. These canyons are, from north to south, Bull Run, Sandy, 
Eagle Creek Fork of the Clackamas, Roaring River Fork of the Clacka- 
mas, Oak Grove Fork of the Clackamas, and the Clackamas River itself. 
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To the north, a similar chain of voleanic peaks of Cascan age, in 
T.3N., R. 6 E., extends southwestward, parallel to the Columbia River. 
The peaks on the north side of the Columbia River were Hill 3400, Hill 
2814, Hill 2559, Mount Zion, and Mount Pleasant (PI. 7, fig. 3). The 
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Ficure 17—Nesmith Volcano 
A volcano truncated by Columbia Gorge. View southward, to the south wall of the Gorge. 
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two chains of volcanoes north and south of the Gorge have concordant 
elevations, and their elevations decrease from east to west, producing a 
deceptive appearance of structure. They are all so young that their 
craters and scoriaceous surfaces are preserved. 

Convincing evidence that the Cascan formation once covered the area 
now occupied by the Gorge is Nesmith Volcano (Fig. 17), at the point 
of a spur just west of McCord Creek (Fig 15). The ashes at the base 
of this voleano produce a pseudo-anticlinal structure, and have been de- 
scribed as “Satsop” formation. They dip radially away from the volcano 
to the east, south, and west. The crater axis lies within one mile of the 
Columbia River, and the crater itself has been cut exactly in half, partly 
by landsliding, forming, with the Columbia River basalt below, the al- 
most perpendicular wall of the Gorge. The lava flows from Nesmith 
extend several miles to the south and must likewise have flowed at least 
a mile northward. It is clearly a remnant volcano that was built on a 
continuous surface which once extended far to the north. 

The thickness of the Cascan formation on the brink of the Gorge is 
nowhere more than 1000 feet, and in some places it is less than 100 feet. 
South of the Gorge, however, the thickness of the Cascan, where exposed 
in the canyons, is much greater. In the vicinity of the Gorge, it feathers 
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out where it lies against the south-dipping Columbia River basalt 
(Fig. 16). 

Diller (1896) stated that “greater eruption and up-building of the 
range occurred in the Eocene.” Williams (1916, p. 23) said that “the 
andesite flows began to form contemporaneously with the latter part of 
the Satsop and finally became the dominant activity. Some of them 
came contiguous with the Cascade uplift.” ; 

The Cascan formation is very young, as is shown by its widespread 
preservation and by the perfection of the volcanic vents from which it 
issued. It is eroded only in the neighborhood of the few canyons that 
cut through it. It has been stated by Buwalda and Moore (1929) and 
by Stearns (1931) that the andesites underlie the Dalles formation. 
However, detailed mapping has conclusively shown that the Cascan for- 
mation overlies the Dalles formation. No fossils have been found in the 
Cascan beds, but they should ultimately yield fossil leaves. They are 
mainly post-Troutdale (Pleistocene) in age, and are contemporaneous 
in part with glaciation. Other evidence of the youthful age of the feeding 
intrusives of the Cascan is the hot springs that occur in their vicinity. 


CASCAN SURFACE AND TOPOGRAPHY 


The Cascan formation forms a large, gently domed, constructional 
plateau which is surmounted by many volcanoes. The east-west arching 
of this plateau is not visible but is inferred from elevations. As viewed 
from different localities it looks so nearly flat that it has been called a 
“peneplane.” The volcanoes are more abundant in the Cascade zone, 
but isolated ones stand out in the Willamette Valley, 40 miles west of 
the Cascade Mountains. The surface has been cut in a few places by 
deep, narrow canyons, one of which is the Columbia Gorge. The writer 
proposes to call this gently arched surface the Cascan Surface. It does 
not include the highest elevations of the Cascade Mountains, which are 
of still later origin (Figs. 2, 5, 13, 16; Pl. 2; Pl. 4, fig. 1; Pl. 8, fig. 1). 
The surface formed by the tows is so young that the depressions are still 
occupied by lakes, swamps, and meadows, and the surfaces of the flows 
are still covered with scoria. 


EVIDENCE AGAINST POST-CASCAN ARCHING 


Let it be assumed that the Cascade Mountains represent a geanticlinal 
arch transected by the Columbia Gorge. Such a fold would arch for 100 
miles, from the Deschutes River on the east to the Willamette River on 
the west, and would have, therefore, a surface rising in elevation from 
1000 feet to 4000 feet and descending again to 1000 feet. It must also 
be postulated that this fold rose in post-Cascan time, and not earlier, 
because the Cascan lavas transgressed the site of the Gorge. The amount 
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Ficure 1. Hoop River, OREGON 
View eastward, up Columbia River. (1) Hood River Bridge, (2) perched gravel bar, (3) Bingen anti- 
cline, (4) old course of a stream across Bingen anticline, (5) Mosier syncline, (6) Ortley anticline, 
(7) Dalles syncline, (8) Columbia Fault, (9) Intracanyon lava. Photo, courtesy of Brubaker Aerial 
Surveys, Portland, Oregon. 


Ficure 2. Upper END OF THE DALLEs Rapips 
View northeastward, showing Columbia River formation in the Dalles syncline stripped of Dalles 
beds. The blocky basalt was eroded when the river flowed on that surface; since then, it has been 
entrenched into a narrows, at the bottom of which are deep pot-holes. Photo (courtesy, U. S. Engi- 
neers) taken October 23, 1892, during a period of low water. 


HOOD RIVER AND THE DALLES RAPIDS 
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Ficure 1. ENTRENCHED CHANNEL NEAR CELILO FALis 
View westward from a point below Celilo Falls. Note lava topography, pillars and pinnacles on 
the benches. Above Columbia Fault scarp (right) lies Dalles formation. Columbia River basalt 
(background) forming the Dalles syncline. Photo (courtesy, U. S. Engineers) was taken 
October 23, 1892, during a period of low water. 


Ficure 2. CascapE LANDSLIDE 
View northward from Cascade Locks. (1) Greenleaf Mountain, a remnant of Columbia River 
basalt, lies on bedded Eagle Creek formation. To the west of the Peak a valley cut in the Coriba 
Surface has since been truncated by the Gorge. (2) Cascan lava flow, called “‘Red Bluff,” was 
also truncated by the Gorge. Part of cirque wall of Cascade Landslide shows beneath Greenleaf 
Peak, and below it is the landslide surface which once extended to the immediate foreground. 
Islands are landslide masses which lie east of Cascade Rapids. This proximal part of the land- 
slide superposed the river on Eagle Creek bedrock which drilling has shown lies at the river bed. 
Greenleaf Peak and Table Mountain (3) are capped by r ts of the Columbia River Basalt. 


GORGE NEAR CASCADE LOCKS AND CELILO FALLS 
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of uplift would be 3000 feet, because the Cascan formation is dissected 
only to a youthful stage and the postulated arch has lost little from ero- 
sion. Therefore, the amount of inclination on each limb would be 60 
feet to the mile, or less than one degree. None of the observed dips thus 
far found would negate the presence of such arching in the Cascan forma- 
tion. 

An uplift of 3000 feet implies that some surface was 3000 feet lower 
than at present. Hence, by this postulate, the Coriba Surface was in 
places hundreds of feet below sea level. The average aggregate thickness 
of the Cascan, Dalles, and Troutdale formations is less than 3000 feet. 
The highest elevation of the Coriba Surface is now 3000 feet beneath 
Benson Plateau (Fig. 15), which is 10 miles west of the crest of the 
postulated arch. Hence, the crest, too, was at, or below, sea level, and 
many of the synclines and erosional valleys must have been at still lower 
levels. 

The assumption cannot stand, because all deposits on the Coriba Sur- 
face are of continental origin. Evidence has been cited proving that 
the Columbia River basalt was of terrestrial genesis, that all formations 
folded with it were of terrestrial origin, and that these were subject to 
subaerial weathering and youthful erosion. Nowhere is there positive 
evidence of an invasion of the sea, and nowhere have deposits been found 
that were formed below sea level or in land-locked basins. 

Further evidence against a great arch is the position of the Cascade 
Mountain divide, exactly in the center of the Cascade Mountains; more- 
over, it coincides with the highest Cascan lavas and later volcanoes and 
with the greatest thickness of the Cascan formation. It lies 12 miles 
east of the highest part of the Columbia River basalt, on the “axis of 
the Cascades”. Windshell voleanic neck stands close to the hypothetical 
axis of uplift of 3000 feet, and yet it is not tilted (PI. 7, fig. 1). 

The “anticlines” and “synclines” of the Cascan formation, allegedly 
seen on the crest of the Cascade Mountains, are cross-sections of volcanic 
ridges and depressions (Fig. 16). For example, west of Tanner Butte 
a pseudo-syncline passes into the pseudo-anticline of Mount Talapus. 
West of this place, there is a series of “anticlines” as at Palmer Peak, 
Larch Mountain, Pepper Mountain, Ross Mountain, and Chamberlain 
Mountain, with “synclines” between. These mountains, from Talapus 
westward to Chamberlain Mountain, all lie on the so-called “west limb 
of the great anticline.” 

The Cascade Mountains are not an arch but are due entirely to the 
varying thickness of the Cascan formation. For example, this formation 
measured at 45°20’ North, and 121°20’ East, is only a few hundred feet 
thick; at 121°30’ East, it is 2000 feet; at 122° East it is 2500 feet; and 
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at 122°10’ East, it is about 800 feet thick. The evidence indicates that 
the Cascade Mountains owe their height to accumulation of lavas, rather 
than to regional arching. 


LATER HISTORY OF THE COLUMBIA RIVER 
FINAL DIVERSION OF ANCESTRAL COLUMBIA RIVER 


Thus, the pyroclastics and few lava flows of Dalles time filled the 
valleys of the ancestral Columbia River and its tributaries. This mate- 
rial caused the stream to aggrade and flow at higher levels. At each 
higher flood plain level the divides became lower, relative to stream 
levels, and diversion more probable. A few lava flows may have caused 
local diversion. The incoherent pyroclastic material was spread out on 
the floodplain or was carried downstream. The absence of gravels of 
the Troutdale formation in the eastern two-thirds of the Gorge, their 
abundance in the Willamette Valley south of the Gorge, and the evident 
northern origin of these gravels seem to imply that diversion by a new 
route did not take place until after Troutdale time. Aggradation alone 
would have submerged all Coriba Surface divides and ultimately would 
have caused a diversion by a lower route to the sea. In Cascan time 
the abundant lava flows formed dams which the river could not readily 
remove. 

The Columbia River practically marks the northern boundary of the 
Cascan formation, which extends southward over two-thirds of the Cas- 
cade Mountains in Oregon. The Cascan lava surface rises higher south 
of the Columbia River than to the north, and the formation abuts against 
the south-dipping Columbia River basalt and south-sloping Coriba Sur- 
face. The resulting col was lower than the Cascan Surface to the south 
or the complex surface to the north. The Cascan lavas dammed the 
ancestral Columbia River and re-created Condon Lake, which rose suffi- 
ciently high to spill westward into this consequent valley. 

It is difficult to determine exactly the lake level at the time of diver- 
sion. The critical elevation of 1825 feet south of Mayer Park (Fig. 13) 
indicates that the Columbia River basalt was transgressed at some ele- 
vation higher than this, and the elevation is tentatively placed at 1900 
feet. On the Shaniko Surface, gravels can be traced southward with 
definite certainty to the 1450-foot elevation; farther south, sporadic 
gravels indicate a higher elevation. In T.1S8., R. 22'E., south of Rock 
Creek, patches of lake beds occur up to 1600 feet in elevation. East of 
R. 22 E., lake beds lie on top of the Horse Heaven Hills as erosional 
remnants. 

NEW CONSEQUENT COURSE OF COLUMBIA RIVER 

The Cascan formation formed the dam that caused the final diversion 

of the ancestral Columbia River along a series of passes and cols that, 
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in general, were located close 
to the northern limit of the 
Cascan formation on the 
south-sloping Coriba Surface 
(Fig. 16). The col was not a 
simple trough, but a complex 
channel even before Condon 
Lake spilled into it, and the 
Columbia River in the new 
channel was subject to local 
dammings and diversions that 
even today have not come to 
an end (Fig. 18; Pl. 8, fig. 2). 
It might be added that, if 
the Gorge had been present in 
Cascan time, the lavas would 
have poured into it, yet de- 
tailed field mapping and pet- 
rographic work have failed to 
reveal the presence of such 
lavas within the Gorge. No 
previous investigators have 
reported any occurrences of 
this type, in spite of the fact 
that such evidence was of pri- 
mary importance to their 
thesis of an antecedent stream. 
Therefore, the pre-Gorge age 
of the Cascan lavas may be 
considered as demonstrated 
beyond question. 
Furthermore, pre-Cascan 
location of the Columbia 
River in its present course is 
highly improbable, in view of 
the southward dip of all the 


Ficure 18—Topographic map of 
country north of Cascades, 
Washington 
United States Geological Survey, Hood 

River, Oregon-Washington sheet (1929). 

Contour interval, 100 feet; scale, one to 

125,000. 
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Ficure 19.—Topographic map of Wind River valley 


United States Geological Survey, Hood River, Oregon-Washington sheet (1929). Contour interval, 100 feet; scale, one to 125,000. 


older formations. Previous 
to the eruption of the Cas- 
can lavas the Sandy Low- 
land was the natural course 
for any major stream. Any 
east-west stream north of 
the lowland would have 
had to flow along the slope 
rather than down it; the 
north-south valleys in the 
Coriba Surface show that 
no such stream existed. 

The topography that de- 
termined the route of the 
diverted Columbia River 
will be described from east 
to west. The Dalles for- 
mation rises steadily to the 
south from its contact with 
the Columbia River Fault 
near Skadat, precluding the 
possibility of any spillway 
across the Cascade Moun- 
tains to the south. Hence, 
the waters spilled across the 
col in the Ortley anticline 
on the Dalles beds (Figs. 
4, 6, 7, 11, 13, 19; Pl. 8, fig. 
1; Pl. 9, fig. 1). 

In another paper (Hodge, 
1931) the possibility of the 
Columbia Fault extending 
to this place and the evi- 
dence that Chenoweth 
Creek followed the fault 
zone southeastward to a 
normal entrance into the 
ancestral Columbia River 
were discussed. It may be 
added that on the west side 
of the Ortley anticline a col 
in the Columbia River 
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basalt may have been cut by a branch of Chenoweth Creek or the Klicki- 
tat River (PI. 4, fig. 2). Such a col would have been buried by the Dalles 
formation to an elevation of 1900 feet. Hence, when Condon Lake dis- 
charged across the Ortley anticline, the soft valley filling would rapidly 
have been removed. 


Figure 20—Topographic map of region between Hood River and The Dalles 


United States Geological Survey, The Dalles, Oregon-Washington, sheet (1934). Contour 
interval, 50 feet; scale, one to 125,000. 


Next, to the west, there are three possible ways by which the Columbia 
River might have gained access to the Hood-Adams Valley. 

First: If the Mosier syncline were not completely filled with Dalles 
and Cascan formation, a lake existed for a short period of time in this 
shallow depression (Fig. 13; Pl. 8, fig. 1; Pl. 9, fig. 1). This lake had 
no outlet to the south or the north and had to spill westward over the 
Bingen anticline. 

Second: On the south side of the Gorge, through the Bingen anticline, 
is a Columbia River basalt hill 2025 feet high, with gentle slopes to the 
west, east, and south, and a precipitous cliff on the north into the Gorge 
(Figs. 13, 20; Pl. 9, fig. 1). To the south of hill 2025 the Cascan ande- 
sites lie on the Columbia River basalt slope and form a surface, at 2136 
feet, that rises steadily in elevation far to the south. On the north side 
of the river, the Coriba Surface rises to an even higher elevation. Be- 
tween the 2025 hill and the 2136 point is a pass at 1573 feet in elevation, 
between the heads of two almost permanently dry canyons cut in the 
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lavas of Bingen anticline (Fig. 13; Pl. 9, fig. 1). The eastern dry canyon 
is barbed to the Columbia River, and the western is barbed to Hood 
River. The two canyons and the pass are too close to the Gorge (1.3 
miles) to have been cut with, or after, the Gorge. They must have been 
cut before the Gorge and were tributaries, respectively, to a stream flow- 
ing eastward along the site of the Gorge and another flowing southward 
along the site of the Hood River valley. These canyons were then filled 
with Dalles beds and were finally covered with the Cascan formation, 
which did not rise high enough to bury Hill 2025, but flowed northward 
around it to the south dip-slope of the Coriba Surface, forming a col 
at about 1900 feet. 

Third: The col used by the Columbia River may have been a pass 
like that at Hill 1578, cut by tributary streams of the dry canyons, 
Klickitat River, or both. The Hood-Adams River must have had trib- 
utaries, one of which may have been the Klickitat River (Figs. 6 and 10). 
There are geomorphologic suggestions, also, that the Mosier synclinal 
valley, of which Klickitat River valley is a part, had an outlet to the 
southwest. The elevation of that valley was not less than 500 feet. 

The entrance of the Klickitat Valley into the Gorge is normal, but it 
is a very large valley in comparison with any on the south side except 
the Hood River valley, even though its watershed is drier than the equal 
expanse of country south of the Columbia River Gorge. Its former ex- 
tensions are unknown, because much of its upper country is now buried 
by later intra-canyon flows. Above the 1,000-foot contour line the width 
of the Klickitat Valley is greater than that of the Columbia Gorge, except 
where the Gorge is crossed by the Dalles and the Mosier synclines. If 
the Klickitat River were a tributary to the south-flowing Hood-Adams 
River, a lowland surface must have existed in the vicinity of Bingen 
anticline. 

The second and third possibilities are supported by the cited tangible 
evidence. They seem more probable, because the anticlines (Bingen and 
Ortley) adjacent to the ancestral Columbia River and the Hood-Adams 
Valley, were certainly eroded by youthful tributaries which must have 
cut many low passes in the anticlinal crests. A col at the site of the 
Gorge would have persisted as a low pass even after being partially filled 
by the termini of Cascan lavas. In all three possibilities the Cascan 
lavas terminated at the site of the Gorge and formed there the lowest 
passageway—north, south, or west—for Condon Lake waters. 

The Dalles formation filled the Hood, Wind, Little, White Salmon, 
and other lowlands to an altitude about 2000 feet. Later erosion re- 
moved the Dalles formation down to 1000 feet in elevation, except where 
it was not blocked off, as in the upper parts of Wind, Little, and White 
Salmon valleys. Cascan beds then refilled the lowland to about 1200 
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feet in elevation. To the west, Mount Defiance lavas flowed over the 
Dalles formation to Dog Mountain, at about 1900 feet in elevation, and 
formed a western barrier. Hence, Condon Lake spilled westward into 
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Ficure 21—Hood-Adams Valley and Mount Hood 


the Hood River valley, onto a surface at about 1200 feet in elevation. 
If the Hood-Adams Valley, at that time, still had an outlet to the south, 
the recently diverted waters followed it. If not, a lake was formed and 
the lake level rose until a spillway was formed. If the waters had an 
outlet to the south, then its tributaries would have worked back (north- 
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ward), especially where undersapping was possible. One such place was 
where Mount Defiance lavas crossed the site of the Gorge. 

If Condon Lake spilled into the Hood-Adams Valley while the latter’s 
discharge-way was still open, and after the Mount Defiance and related 
lava flows were emplaced, its waters may have reached the lower ances- 
tral Columbia River (Figs. 10 and 21). If not, a short-lived lake was 
formed. The lake could not discharge across the high surface to the 
north and was shored on the west, at the Gorge site, by Mount Defiance 
lavas at about 2000 feet in elevation. The former drainage of the Hood- 
Adams Valley basin, now replaced by the Little White Salmon and White 
Salmon rivers, must have been southward into this lowland (Fig. 6). 

The Wind River furnishes further evidence on the consequent course. 
The Wind River valley has a barbed entrance to the Gorge (Fig. 10). 
Also, at its entrance is a large, north bend of the Columbia River and a 
widening of the Gorge. North of Wind Mountain, Wind River valley 
opens eastward into an area where the Coriba Surface is about 500 feet 
in elevation, beyond which, farther east, is a large landslide area. This 
landslide area continues around to the Columbia River Gorge, extending 
to the river, where the landslide material lies over a narrow exposure of 
Columbia River basalt, 100 feet high. Clearly, the landslide material of 
this great area occupies some former lowland, and it is equally evident 
that the narrow exposure of Columbia River basalt between Wind Moun- 
tain and Dog Mountain must be due to pre-landslide erosion. Hence, 
if the Columbia Gorge were not present, this continuous lowland would 
be the normal course of a stream. The Columbia Gorge, above the 500- 
foot contour line, is eroded to maturity in this stretch and is of the same 
width as the Wind River valley. It appears as if a stream followed this 
valley eastward to a confluence with the White Salmon Valley and thence 
to the Hood-Adams Valley. It is here named the ancient Wind River. 

The very large valleys of Eagle Creek and Herman Creek are further 
evidence of such a pre-Gorge valley. Their greater size, as compared 
to other south-side canyons along the Gorge, is not due to greater rain- 
fall, elevation, nor to especially soft country rocks. In all these respects, 
they are at a decided disadvantage. Their size must be due to the time 
factor alone (Fig. 15). This indicates that the erosion of these valleys 
took place long before the cutting of the Gorge, and that they were prob- 
ably tributaries of the ancient Wind River (Fig. 6). This explanation 
is supported by the fact that the Cascan formation and the Columbia 
River basalts are more deeply eroded east of Eagle and Herman Creeks 
than to the west. If the erosional effects were due solely to the Columbia 
River the greatest erosion should be west of Eagle Creek, because there 
the thickness of the Cascan to be removed is less, the volume of water 
in the Columbia River is the same, and the tributary streams entering 


4 
4 
pars 
i 
gies 
3 
oF 


LATER HISTORY OF THE COLUMBIA RIVER 895 


the Columbia River are bounteously supplied with the extraordinarily 
heavy rainfall on the western slope of the Cascade Mountains. 

Ancient Wind River valley and its tributaries must have been filled 
by Dalles beds, and some Dalles beds remain. The Mount Defiance 
lavas flowed to Dog Mountain on the surface of the Dalles formation. 
A tributary of the Hood-Adams River, working headward, would have 
excavated the fill of the ancient Wind River (Fig. 10), as far west as 
Eagle Creek. 

One erosional effect of this headward cutting may be mentioned. The 
lavas of Sedum Point, with an elevation of 3140 feet, and of Rock Creek 
Butte, with an elevation of 1980 feet, as well as those lying on the top 
of Table Mountain, at an elevation of 2850 feet, clearly did not come 
from the same source as those of Trout Creek Hill (Fig. 4, symbol Qic). 
They are Cascan age and show by their topography and relationship to 
the intra-canyon lavas that they were eroded in the re-creation of the 
large valley of the ancient Wind River. They represent erosional rem- 
nants of the wedge-like northern edge of the Cascan formation. 

In this connection, it is recalled that, from Dog Mountain to the outlet 
of the Gorge, the Cascan lavas lay as a veneer on the south-sloping 
Coriba Surface (Fig. 18). The thin lava veneer must have been easily 
peeled off by the tributaries of Wind River. It seems evident that here, 
as everywhere along the Gorge, all water flowing southward on the Coriba 
Surface must have turned east or west along the nearest lowlands, in 
courses close to, or on, the Cascan-Columbia River basalt contact. 

If these facts are properly interpreted, then, after the blocking of the 
Dalles synclinal valley of the ancestral Columbia River, Condon Lake 
rapidly rose and spilled westward to the Hood-Adams Valley, where a 
series of lakes may have formed, high enough to spill over the various 
dams in the Sandy Lowland. During this stage, the Wind River tribu- 
tary easily cut back into the undrained country to the west. Consequent 
streams, flowing eastward, and headward erosion of the revived Wind 
River would have cut a col. If the Hood-Adams River were not revived, 
but only ponded, a col would have been formed, nevertheless, by water 
flowing eastward along the contact of the Cascan formation and the 
Coriba Surface, to the pond. 

The erection of Mount Hood appears to have dammed the southern 
outlet of Hood-Adams Valley (Fig. 21). The dam may have been 
formed at an earlier date, by a lava flow of the Cascan formation enter- 
ing the valley farther south (Fig. 4, symbol QVL; Fig. 7). When the 
Hood-Adams Valley was dammed the impounded water overflowed a 
col at the “axis of the Cascades” (Fig. 15). Streams along the Cascan- 
Columbia River basalt contact may have cut a comparatively low gap 
(Fig. 16), but it could not have been higher than 1900 feet in elevation 
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or 700 feet above the level of the Hood-Adams Valley, as that was the 
highest level of Condon Lake. Any Willamette River tributary which 
was headed near the gap served as a spillway. If no such stream existed, 
the water followed a structural trough in the Cascan Surface. Its course 
was consequent, like those of Bull Run, Sandy, and the branches of 
Clackamas rivers. From the last col westward the river had a steady 
slope in a trough of Cascan lavas. 

Another proof of the pre-Gorge age of Hood-Adams Valley has not 
been mentioned. After Hood-Adams Valley had been re-exhumed and 
while it still had an outlet to the south, intra-canyon lava flowed down 
it and across the site of the Gorge (Fig. 10). If the Gorge had been 
present, the lava would have followed the Columbia Gorge instead of 
the Hood-Adams Valley. 

ENTRENCHMENT 

The erosive power of the new Columbia River was at its maximum 
immediately after a discharge-way, from Condon Lake to the Willamette 
Valley, was found. The elevation of the Cascan Surface north of Benson 
Plateau was about 3500 feet and the elevation in the Willamette Valley, 
above the Troutdale fill, was probably 1000 feet. The 3500 feet of ele- 
vation was reduced by the headward erosion of the revived Wind River 
and the Gorge branch of the Willamette, to about 1900 feet and the 
Willamette level cut to about 600 feet. Hence, the fall of the new 
Columbia was 1300 feet in 25 miles, or about 50 feet to the mile. 

The river was supplied with materials of the Cascan and the Dalles 
formations, consisting mainly of andesite fragments, ranging from boul- 
ders several feet in diameter to the finest voicanic sand. When Condon 
Lake had been lowered to about 1500 feet, or down to the average level 
of the Shutler lake beds, the river was supplied with the gravel brought 
down from the upper basin of the Columbia River. The steep gradient, 
abundant supply of cutting tools, and the vast supply of water from 
Condon Lake, the lakes of eastern Washington, and the rapidly melting 
glaciers of the upper Columbia and Snake River basins, gave the stream 
tremendous erosive power. Any submerged dams were quickly removed, 
and the new river rapidly entrenched itself in its consequent course. 

The rate of entrenchment must have been variable, for it occurred 
during the Pleistocene with its variable supply of water, and the supply 
of tools varied as one basin after another was opened to erosion. The 
details of the entrenchment process will next be considered. 

The new canyon was cut from the west toward the east, trenching suc- 
cessively into the Carson basin, the Hood-Adams basin, the Mosier basin, 
the Dalles basin, the Umatilla basin, and finally to the basins beyond 
Wallula Gateway. The downcutting has proceeded from that time to 
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the present. During this stage, the meandering rivers of eastern Oregon 
were entrenched. That the river is barely able to maintain its grade is 
shown by the numerous temporary base levels at the Cascades, Windshell 
Mountain, and by the many rock islands that stand above the average 
water level in the Columbia River. 


NARROWS AND WIDES 


Entrenchment of the Columbia River provided a gradient for its tribu- 
tary streams which enabled them to work headward. Several variable 
factors affected the rate and area they eroded. Of these, rainfall and 
insolation are the least important. The south wall has more rainfall 
and the north more sunshine, but these influences are limited to the walls 
themselves and do not extend to the hinterland. This is proven by the 
fact that the size of tributary streams is not consistent. 

The one, and only, effective factor is the degree of consolidation of 
the rocks. Where soft rocks occur on opposite sides of the Gorge in de- 
pressions of the Coriba Surface, they have been carved by subsequent 
tributaries into “wides.” Between the wides are “narrows,” due generally 
to the more-resistant Columbia River basalt. The change from a wide 
to a narrow is sharp and abrupt (Fig. 7). The easternmost wide occurs 
where the gravels and lake beds of the Shutler formation have been 
almost entirely removed (Fig. 2). The next is the broad stretch of the 
river at The Dalles and Grand Dalles. Here the removal of the Dalles 
beds from the Dalles syncline has provided the lowland site for a large 
town (Pl. 9, fig. 2). To the west, one of the narrowest portions of the 
entire Gorge (Fig. 13) is found at the crest of the Ortley anticline. Im- 
mediately west is another widening of the Gorge, affording sites for the 
towns of Mosier, on the south side, and Lyle, on the north. These sites 
are due to removal of Dalles beds from the Mosier syncline (PI. 8, fig. 1; 
Pl. 9, fig. 1). There is another narrows at the Bingen anticline, and then 
the great wide of the Hood River valley and the much smaller wide at 
Underwood. The Dalles beds in the upper Hood River valley are 1400 
to 1900 feet in elevation. They are held at this elevation by Middle 
Mountain, which, like Underwood Mountain in the old Adams Valley, 
protects them from erosion (Figs. 10 and 14). 

The next wide to the west, at Home Valley, is small compared with 
the preceding three. It is the re-excavated old Wind River valley. 

The Eagle Creek formation is exposed for 16 miles on the south side 
and for 30 miles on the north side of the Columbia River and should, by 
reason of its easy erodability, cause a great widening of the valley. It 
does not, however, but produces a narrows that, at the Cascades, is 
comparable only to the Ortley narrows. This will be discussed later 


(Fig. 15). 
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Between all these wides are narrows of a profound and precipitous 
character. The canyon walls are scarcely notched by tributary valleys 
and show every indication of early youth. 


EXAMPLES OF SUPERPOSITION 


An earlier paper (Hodge, 1931a) discussed fully the superposition of 
the Columbia River. Since that was written, much more evidence has 
been gathered and will be briefly described from east to west. 

The Shutler formation extended across Horse Heaven Hills east of 
a line drawn from Arlington, Oregon, to Sunnyside, Washington, and rem- 
nants of a shallow trough surmount the precipitous canyon at Wallula 
Gateway. The Snake River has a barbed entrance into the Columbia, 
and the Wallula Gateway lies immediately south of the combined en- 
trance of the Yakima, Columbia, and Snake rivers. These facts suggest 
capture by, and integration of, the ancestral Columbia River system and 
its superposition across the Horse Heaven Hills. 

Fifteen Mile Creek is the most perfect illustration of superposition in 
this area. Here the Dalles formation piedmont fan slopes to the north- 
east, from the crest of the Cascade Mountains to the Deschutes River. 
This surface, and its control of the stream pattern, are clearly shown on 
the topographic map (Hodge, 1928b, 1930) (Figs. 11, 12). 

The course of Fifteen Mile Creek, except for its lower course, is con- 
trolled by the piedmont fan. It flows northeastward to a point within 
3 miles of the Deschutes River, where it turns directly north, paralleling 
the Deschutes River until, within 2 miles of the Columbia River, it turns 
westward paralleling the Columbia River, in places approaching within 
one mile of the latter; finally, it swings southwestward. Where the Co- 
lumbia River swings southwestward to The Dalles, and only after receiv- 
ing Eight Mile Creek, does Fifteen Mile Creek bend due west to enter 
the Columbia River. The stream clearly originated on a surface of the 
Dalles formation, and is not structurally controlled by it. 

The explanation of these facts is as follows: With the shrinkage of 
Condon Lake, Fifteen Mile Creek, like all the others, formed as a con- 
sequent stream on the slope of the Dalles formation, and flowed north- 
eastward toward the Deschutes River. It flowed down a steep slope 
which was formed on unconsolidated debris and which was frequently re- 
mantled by new material from still active volcanoes. At this time the De- 
schutes and Columbia rivers were flowing, likewise, on the surface of either 
the Dalles or the Shutler formations, in highly braided and meandering 
courses. These streams were heavily laden, and when this tributary 
brought its large supply of debris to an almost flat surface, at the point 
of entrance into the Deschutes River, the latter could not carry the 
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offered load. Hence, Fifteen Mile Creek aggraded its own mouth and 
was diverted, yazoo-like, downstream. As this process continued, the 
stream mouth was constantly shifted down the Deschutes to the Colum- 
bia and down the Columbia to its present outlet. As the creek was di- 


Ficure 22—Topographic map of The Dalles, Celilo Rapids, and mouth of 


Fifteen Mile Creek 


Map from United States Geological Survey, The Dalles, Washington-Oregon, sheet (1934). 
Contour interval, 50 feet; scale, one to 125,000. 


verted parallel to the main streams, it took on Eight Mile and Five Mile 
tributaries. Eight Mile Creek shows the same history as Fifteen Mile 
Creek, bending westward until it intercepted Five Mile Creek. The point 
of junction of Fifteen Mile Creek with its tributaries was determined by 
the debris it carried and the slope of the Dalles formation. A short dis- 
tance west, Three Mile Creek was carrying a heavy load into the Colum- 
bia and steadily increasing the height of the slope which forced Fifteen 
Mile Creek into the Columbia River. Entrenchment followed as the 
Columbia River cut down. 
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At two places, north of Fairbanks in sec. 24, T. 2 N., R. 14 E., and 
north of Petersburg, in secs. 20 and 29 of the same township, aban- 
doned channels (Fig. 22) are still open. Both these channels are cut in 
the Dalles beds, but not in the Columbia River basalts. When they were 
cut, the Columbia River must have been cut below the Coriba Surface. 
The direction of these old channels is northwest-southeast—that is, the 
direction of the course of water flowing from Fifteen Mile Creek to the 
Columbia and certainly not the direction taken by Bretz’s postulated 
Spokane Flood nor Allison’s several floods (Allison, 1933) rushing west- 
ward down the Columbia River. This seems to clearly indicate that 
Fifteen Mile Creek, Deschutes River, and Columbia River flowed for a 
long time as consequent streams over the Dalles formation (Madras Sur- 
face), during which time the first stream changed its course many times. 
Finally, all three cut down through the soft material and entrenched 
into the Columbia River basalts which fixed their courses. All three 
streams were superposed onto the folds of the Columbia River basalt. 

Chenoweth Creek is another superposed stream (Fig. 20). East of 
Chenoweth School is a hill, rising to 718 feet, having on its west side a 
large, open valley cut in basalt that extends above 250 feet in elevation 
through the Chenoweth Valley. This old valley is now partially filled 
with Dalles beds, and must be, therefore, pre-Dalles in age. The old 
valley is highly barbed to the Columbia River but had a normal entrance 
to the ancestral Columbia River. Chenoweth Creek, if developed nor- 
mally by headward erosion from the ancestral Columbia River, would 
certainly have followed this valley. Clearly, the present Chenoweth 
Creek was superposed across the old valley and on the south side of the 
hill. Since that time the Dalles formation has been removed from the 
adjacent Coriba Surface. Eventually the old valley will recapture the 
new. The older valley has already been given as the agent that provided 
a col across Ortley fold. 

A large residual mass of Dalles formation occurs in the White Salmon 
River valley, north of Pleasant View School (Fig. 10). It is 2 miles in 
direct line from the Columbia River and extends for more than a mile 
to the northeast. Its lower contact is 250 feet in elevation, and it rises 
to an elevation of more than 1300 feet. Access to this pocket is through 
the narrow canyon of the White Salmon River that is cut mostly in the 
Columbia River basalt. The Dalles formation is preserved because 
Underwood Mountain blocks it off from the Columbia Gorge. Under- 
wood Mountain erupted in the Hood-Adams Valley before the Dalles 
formation was spread out. 

The White Salmon River valley is superposed upon the Underwood 
andesite and the Coriba Surface. The upper valley is broad where cut 
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in the Dalles formation; whereas the lower part is a narrow canyon. 
Hood River and White Salmon River carry about an equal amount of 
water, yet Hood River has opened a wide valley, and Salmon River is 
still within a narrow canyon. The Dalles formation in the Hood River 
valley was subject to erosion after the entrenchment of the Columbia 
River but became accessible in the White Salmon River valley only after 
a river had trenched northward. 

In a manner similar to the smaller streams the Columbia River has 
been superposed on the Shutler, Dalles, or Cascan formations, from Wal- 
lula Gateway to the Willamette Valley. Other illustrations might be 
cited, but all examples of superposition described and known are of 
streams tributary to valleys that are older than the Columbia Gorge. 
In cutting down, the river has been superposed upon ail the folds that 
cross the Gorge. 

FEATURES PRODUCED IN CUTTING THE GORGE 

During the process of entrenchment, certain features were produced 
by the sculpturing of the rocks into which the Gorge was cut, by depo- 
sition of transported material and by dislodgment of unstable materials 
from the walls of the young Gorge. This section of the paper will deal 
only with those features produced by sculpturing. 

The Gorge was cut so quickly and by such unusual methods that con- 
sideration of the mechanics involved is necessary. The energy of a 
stream is not uniformly distributed throughout its cross-section nor along 
a limited reach of water. Each current thread has a quantum of energy 
which is being constantly lost to, or gained from, neighboring currents. 
Each thread weaves about in various portions of a stream. Generally, 
the threads of current with greatest energy are near the middle of the 
stream and close to, but not on, the bottom. Hence, a stream may carry 
all proffered load and seek additional load in one part of its channel, 
while elsewhere it is unloading. 

The swift and strongly eroding bottom currents of the river rapidly 
cut through the soft Dalles and Shutler formations and into the under- 
lying Columbia River basalt. The weaker currents along the margins 
of the stream did not have enough power to erode the soft walls and so 
left them standing as cliffs. When the channel in the Columbia River 
basalt became deep enough to hold all the main energy-bearing currents, 
the marginal currents ceased their erosional work and deposited their 
loads. 

After superposition by the soft beds, and while free lateral deflection 
was still active, but before entrenchment in the Columbia River basalt, 
the entire stream bed was subjected to erosion. During this stage, pot- 
holing, scabbing, and fluting were accomplished over almost the entire 
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width of the stream bed and no deposition took place. After each suc- 
cessive entrenchment, this type of erosion affected the entire channel 
floor, but ceased on the abandoned floor left on both sides as rock-cut 
benches. 

The amount and intensity of this type of erosion depended upon the 
character of the material worked upon as well as upon the stream energy. 
Along the river banks below high-flood level, near Quinton, there is a 
sharp, scoriaceous surface of lava from which rise pinnacles, 3 and 4 feet 
high, capped by boulders cemented to their tops (Pl. 7, fig. 2). It is a 
“seabland” surface which was produced by the removal of the fine vol- 
canic breccia, or ash, from the surface of a rough lava flow. The water 
that flowed over this surface could not have been violently erosive, but 
was just sufficiently so to loosen and remove the soft material and yet 
leave the delicate pinnacles and their branches in all their fantastic 
forms. These branches are so fine and fragile that a slight tap breaks 
them off, and many of them are covered with a thin glass veneer. It 
is hard to understand how such material could have withstood the rush 
of a violently eroding flood. The term quinton surface, or topography, 
is proposed for erosional features of the type which are essentially the 
exhumed and slightly modified scoriaceous surfaces of lava flows. 

The Columbia River basalt is characterized by thick scoriaceous or 
agglomerate beds that lie between flows. The flows consist of massive 
ashlar-like blocks surmounted by basaltic columns which become platy 
near the top. The scoriaceous and agglomeratic beds disintegrate and 
produce an uneven torn surface. The “brick-bat” pieces of basalt are 
rolled away; the flat plates are lifted, broken, and rolled; and large sec- 
tions of columns are overturned and rolled, producing a very irregular 
surface. Incisement progresses rapidly because the rock is initially 
highly fractured and the cuboidal fragments roll rather easily. A series of 
columnar basalt flows, separated by scoria and agglomerate, are easily 
eroded by moving water (PI. 10, fig. 1). 

Quinton topography is produced on the bed of all large streams cutting 
into Columbia River basalt-like formations. Steadily trenching streams 
erode by that method, destroying old, and creating new, quinton topog- 
raphy on their beds. In Oregon, many intermittent streams show such 
topography, but along the Columbia River it is found only on abandoned 
rock-cut benches. Writers (e.g., Bretz, 1924) have called it “scabland” 
or “Dalles type of river erosion” and have explained it as due to the 
“Spokane Flood” overspilling and eroding pre-existent benches. That 
such quinton topography on rock benches is the same as that on the 
present basalt bed of the Columbia River is proven by observations made 
in the exploration for dam sites by the United States Engineers. Fur- 
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thermore, the topography occurs in many canyons, notably the John Day 
and Deschutes, far beyond the reach of the “Spokane Flood.” 

The shelves or benches which show the quinton topography and aban- 
doned channels occur only where the Columbia River basalt was overlain 
by Dalles or Shutler or some other similar type of soft formation which 
melted away before erosion by laterally deflected currents, forming a 
broad channel. On the entire floor of this broad channel the stream pro- 
duced quinton topography. While this channel was being cut, gravel bars 
formed on the stream banks in normal fashion and the soft beds were 
left intact. Finally, when the mid-channel had been cut deep enough 
to take care of the water during the flood season of the year, shelves were 
abandoned and left high above the flood-water surface. These shelf 
remnants of the former channel bear the typical channel topography of 
a stream flowing over Columbia River basalt. 

It seems certain that shelves were not eroded by the overflow of surface 
water many hundreds of feet above a stream bed, and 1000 feet or more 
away from mid channel as such water would be too slack to erode. The 
quinton topography must have been cut when the swift and powerful 
currents at the bottom of the stream were flowing over the surface. For 
the same reason, the gravels were not deposited by overflow waters, be- 
cause deflection of currents capable of carrying such a load would have 
been prevented by a deep canyon below the shelf level. 

The complete absence of remnants of scablands adjacent to the Gorge 
proper, and their occurrence in the Lower Canyon only on the basalt, 
is a very significant fact. Shelves or benches bearing quinton topography 
oceur only in the stretches of the river between Bingen and Ortley anti- 
clines, between Ortley and Klondike anticlines, and in the western half 
of the Umatilla Basin. The shelves are about 1000 feet wide and are 
characterized by scabland, pot-holes, dry waterfalls, and abandoned 
stream channels. At the edge of the shelves stand soft, crumbling, ravel- 
ling cliffs of Dalles or Shutler beds. 

No quinton topography is found west of Mosier syncline, where the 
Columbia River basalt was overlain by the Cascan formation, because 
the Cascan did not melt away under the attack of laterally deflected 
currents; it was as difficult to erode as the Columbia River basalt, if 
not more so. Accordingly, a narrow canyon was cut. 

Recently, Allison (1933, p. 675) has modified Bretz’ Spokane Flood 
theory, by suggesting a larger number of floods. Each of his floods was 
large enough to fill the deep canyon with water and overflow some of 
the valley walls. In places, Allison postulates icebergs to produce dams 
in canyons 1000 feet deep, causing river diversion. The writer does not 
accept Allison’s explanation, in view of the stream mechanics already 
discussed. 
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Throughout the entire course of the river, numerous monoliths, pin- 
nacles, small islands, and large pot-holes (Pl. 11, fig. 1) occur in the bed 
of, or adjacent to, the river. Some of the monoliths are of great size, 
as, for instance, Beacon Rock, Katani, St. Peter’s Dome, Needle Rock, 
Rooster Rock. The islands bearing quinton topography are too numer- 
ous to list separately, but some important ones are Memaloose Island, 
Miller Island, Five Mile Rapids, and Three Mile Rapids (Fig. 22, Pl. 7, 
fig. 2; Pl. 10, fig. 1). Many of the pinnacles are exceedingly sharp. 
Detailed soundings show quinton topography on the floor of the river 
wherever it flows across basalt or agglomerate surfaces. The excavation 
for the power house and spillway at Bonneville Dam exposed topography 
as irregular as any in the “scablands”. 

Related to these phenomena are the hanging falls, none of which is 
found where the scabbed shelves occur, but only on the south side of 
the Columbia River, and principally west of Horsetail Falls, which lies 
in the central part of R. 6 E.,.in the western 12 miles of the Gorge. Two 
other hanging falls occur in R. 9 E., in Lindsey and Starvation creeks. 
These hanging valleys cannot be due to glaciation. If the falls were 
due to the more rapid down-cutting of a master antecedent stream, these 
hanging valleys should be most numerous on the anticlinal arches and 
should be absent in the synclines. This is not the case. The falls, as a 
rule, hang from the contact of the Columbia River basalt, the Troutdale, 
the Dalles, or Cascan formations (Figs. 3 and 4). 

The reader is reminded that the Cascan volcanoes produced north- 
striking troughs and sags. After the Columbia had cut across the Cas- 
can Surface, consequent streams formed in these troughs as tributaries 
to the master stream. Near the Willamette and Hood-Adams valleys, 
within, and below, the Cascan formation, there are thick beds of Dalles 
or Troutdale formation. The consequent tributaries, flowing over the 
edges of the Cascan lava layers into the master stream, under-sapped 
the Cascan lavas. Hence, the streams have rapidly cut, down to the 
Coriba Surface, canyons that extend back to falls. The insequent 
tributaries are small intermittent streams which carry few cutting tools 
from the Cascan Surface. The Columbia River basalt, on the other 
hand, can only be eroded by direct attack, and the tributary streams 
cutting into it are at a disadvantage as compared with the master 
stream. Hence, at the Columbia River basalt contact, they lag behind 
and produce falls. In each hanging valley, a series of falls extends back 
to the Cascan Surface. The heights of the various falls are as follows: 
Starvation, 186 feet; Warren Creek, 200 feet; Lindsey, 104 feet; Elowa, 
289 feet; Horsetail, 208 feet; Oneonta, 100 feet; Wahkeena, 242 feet; 
Multnomah, composed of two falls, the lower of which is 69 feet, and 
the upper 551 feet; Shepherd’s Dell, 117 feet; and Latourelle, 224 feet. 
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Ficure 1. PoTHoLe 
Cut nearly 80 feet below sea level, into the andesite sill beneath the power house. One of 
three potholes, the deepest is cut 120 feet below sea level. 


Ficure 2. LANDSLIDED EAGLE CREEK FORMATION 
View of Adit #3, 20 feet in on Ruckel Slide. 


BONNEVILLE DAM 
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Ficure 1. BeppeEp sILts 
View northward on Washington shore. Note large trees growing on the slide. 


Ficure 2. 
View eastward from south shore, showing main falls. Photo (courtesy, U. S. Engineers) taken 
October 23, 1892. 


CASCADE LANDSLIDE RESULTS 
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STRANDED DEPOSITS 


A stream superposed on soft beds will entrench so that the main 
energy-bearing part of its water will flow in the over-deepened channel, 
and the remainder of the water will flow at a somewhat higher level and 
with only sufficient energy to move. Before the main energy-bearing 
portion of the stream has been too deeply incised the rolled, dragged, 
and saltated load transported along the border of the stream may be 
deposited. Deposition itself is proof that border portions of the stream 
did not have sufficient energy to cut quinton topography. The Spokane 
Flood theory of Bretz (1925) and Allison (1933) demands that the 
erosion and deposition be simultaneous. 

Bars, veneers, perched deltas, and perched terrace-like deposits con- 
taining foreign materials were formed when the entrenching Columbia 
was flowing on a valley floor at a higher level. Quartzites are much 
rarer in these deposits than in the Troutdale formation. Some of the 
larger pebbles are heavily impregnated with limonite. In addition to 
local materials, there is much that is recognizable as from the upper 
Columbia Basin. The foreign material, except for quartzites, increases 
in abundance as the elevation decreases. Associated with the gravel 
bars are stranded deposits of sand and silt, containing a large percentage 
of muscovite which increases to a maximum in the present stream de- 
posits. 

The stranded deposits are perched on the walls of the Gorge or on 
the scabbed shelf of the Lower Canyon, many of the gravel bars being 
more than 1000 feet above the present river level. A “Spokane Flood”, 
several Allison “Floods” 1000 feet deep, or a deep submergence with an 
overflow 1000 feet above stream bed, can all be eliminated, because no 
current is capable of keeping gravel in suspension at such an elevation 
above the bottom. 

Imagine a flood carrying “forty cubic miles of water per day,” flow- 
ing at 8 miles per hour, filling a canyon 500 feet deep, and overflowing 
the upland. Such a stream would, no doubt, transport a great volume 
of gravel, but all of the coarse material would move as a mass at the 
base of the stream. The moving gravel would destroy all the delicate 
features of a quinton topography and the hundreds of pinnacles that 
stand in the river. Moreover, plucking of pot-holes would have been 
impossible beneath a bed covered deeply with gravel. This flood must 
have a surface velocity sufficient to carry the gravels to a high level, 
which, in turn, means that it must erode the soft beds on either side, 
such as the Shutler and Dalles formations, but particularly the soft beds 
that occur at places beneath the Cascan formation. One finds, on the 
contrary, that the gravel bars were gently laid against vertical cliffs 
of soft materials. 
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Stranding by a Spokane Flood demands that boulders 3 to 5 feet in 
diameter be floated on the surface of the water. If such boulders were 
carried by icebergs, it is strange that no erratics have been found in 
the Gorge. If the deposits were made by floods of great velocity it is 
difficult to explain the gravel bars on upstream-facing walls of tributary 
canyons, the micaceous sand bars which show perfect lake-like bedding, 
and the gravel bars, in the Gorge and elsewhere, that are typical river- 
bed bars. If these effects could not be produced by a flood as great as 
a Spokane Flood, it is less reasonable to expect them from several lesser 
floods of the Allison type. 

Another hypothesis is that the stream aggraded to a high level and 
afterward cut away most of the aggraded deposits. This would explain 
the preservation of delicate scabs and pinnacles. Aggradation should 
have choked tributaries, and caused deposition of gravel and stranded 
deposits at generally concordant levels along the entire course of the 
stream. However, the concordance of elevation of stranded deposits 
required by this explanation seems to be lacking. 

The Spokane Flood theory or Allison’s flood and ice-jam theory are 
worthy of an entire paper and the writer does not wish to do injustice 
to them by condemnation without full statement of his reasons. Readers 
of this paper, however, will have noted a number of facts and con- 
clusions that deny that a flood of 40 cubic miles of water swept through 
the Columbia Gorge at a velocity of at least 8 miles an hour over a 
period of about two months, or of several floods that filled the same 
canyon to overflowing. 

The erosional topography and the stranded deposits were created 
in the same erosion cycle. A stream flowing at the elevation at which 
the features were formed had sufficient velocity to carry a load of gravel, 
sand, and silt and to erode its bed. It quickly cut through the soft 
Shutler or Dalles deposits and was superposed on the Columbia River 
basalt (Fig. 13). It was entrenched in the latter, but during the en- 
trenchment process, any transported material carried into eddies was 
deposited. This material was dropped near the stream walls, and during 
high water was left in abandoned channels. The vigorously entrench- 
ing stream soon left these deposits stranded. 

As entrenchment proceeded, quinton surfaces were cut and deposits 
stranded at each successive level. Likewise, deposits were stranded 
on the upstream walls of tributary valleys by eddies. This theory per- 
mits the formation of stranded deposits at any level from that of the 
original consequent surface down to present stream level. 

East of Mosier, sec. 7, T. 2 N., R. 11 E., on the south side of a hill 
600 feet high, and above 450 A. T., there are unconsolidated sands and 
gravels with torrential beds dipping to the south. It is difficult to 
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imagine these gravels being suspended in the upper portion of water 
600 feet deep. A simpler explanation is that, during non-flooding years 
or periods, erosion lowered or cut a tributary valley to the Columbia 
Gorge in the Dalles beds at Mosier. When high water occurred, gravels 
were carried down and eddied around this projecting point in the tribu- 
tary valley. The deposits were made when the stream was flowing at 
an elevation of about 600 feet. 

Similar stranded gravels occur from above 1000 feet A. T. on the 
northwest slope of Grandview Hill, down to the east junction of the 
Hood River valley and the Gorge (Fig. 20, Pl. 9, fig. 1). The lowest 
mass of these gravels lies almost at river level, is well cemented with 
limonite and has been named “Hood River formation” by Buwalda and 
Moore (1929). Williams (1916) and Bretz (1917) consider the same 
gravels “Satsop.” The writer considers them to have been formed by 
stranding in a normal down-cutting process. If they had an origin 
like Troutdale or Satsop gravels, it is curious that no gravels with 
foreign pebbles nor conglomerates of any kind occur in Wind River, 
White Salmon River, Salmon River, or Klickitat River, nor in any other 
portion of the Hood-Adams River system on the Coriba Surface and 
below the Cascan formations. 

Many other stranded gravel deposits occur in re-entrants along the 
Gorge. Generally, they occur on the upstream side and many, though 
not all, show eddy current bedding. Their presence in such reentrants 
proves that they were formed after the erosional stage. Their asso- 
ciation with ledges, benches, and other small platforms prove that 
they were abandoned by an incising stream. The occurrence of fluffy, 
highly micaceous silt at the same level, and a few hundred feet from 
large gravel bars, shows the selective effect of currents. Clearly the 
gravels were deposited contemporaneously, with light silts, by a stream 
flowing on a bed near the level of the material deposited. 


GLACIAL ERRATICS 


Glacial erratics have been stranded on top of various formations and 
gravel bars, and they have been found buried deeply in the gravels. 
Gravels of foreign origin which are mixed with those of more local 
origin may, in some instances, be erratic material. Although it is pos- 
sible that the foreign glacial erratics were derived from the Dalles for- 
mation, this seems improbable because they have not been found in 
any of the many detailed sections of the Dalles formation which have 
been examined. 

The writer has presented detailed evidence showing that the erratics 
near Arlington lie upon moraine-like deposits which, in turn, rest upon 
the Shutler formation. Since that time he has had an opportunity to 
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examine erratics on the top of Steamboat Rock within the Grand Coulee, 
Washington, where their occurrence is identical with those at Arlington. 
They lie upon lake beds or the Dalles formation as unattached scat- 
tered boulders. Hence, the erratics belong to a stage just at the close 
of the dispersal of the stranded gravels. After the ancestral Columbia 
River had been diverted through the Hood-Adams Valley, erratics were 
carried along this course and stranded on the valley walls.. The dis- 
persal of erratics apparently ceased before the last stage in diversion 
took place. 
TERRACES AND VALLEY FILL 

As already stated, no terraces or other evidences of high-level aggra- 
dation are found in the Gorge or Lower Canyon. East of the Cas- 
cade Mountains, terraces at much lower elevations are found far up 
the Umatilla, Willow, John Day, and Deschutes rivers as well as in 
Fifteen Mile, Eight Mile, Five Mile, Three Mile, and Chenoweth creeks. 

Each valley in which the terraces occur is bordered by the Shutler, 
or Dalles formation, or some similar deposit. These materials are 
poorly consolidated and each stream, with the exception of Deschutes, 
is characterized by a large load. 

Bretz, Spokane Flood or Allison’s several floods would have left ter- 
races in the re-entrants and tributaries of the Gorge, as well as in the 
tributaries of the Lower Canyon and the Willamette Valley. Condon’s 
Willamette Sound was considered to have extended through the Gorge 
and should have left remnants of terraces in a few of the many favor- 
able places. Dams within the Gorge, if of long duration, would have 
caused terraces in the main valley as well as in the upstream tributary 
valleys. 

The tributary valleys in which terrace deposits occur are, like the 
Gorge, of consequent or superposed origin; hence the terraces belong 
to a period of aggradation after the entrenchment stage. Immediately 
after the entrenchment the soft post-Columbia River basalt beds were 
probably subjected to much more rapid erosion than at present. Their 
debris might have overloaded the stream and produced rapid aggrada- 
tion. In this case, the debris would have accumulated in the Lower 
Canyon and Gorge. An explanation of the absence of such terrace de- 
posits in the Lower Canyon is as follows: 

The Columbia River was probably subjected, as at present, to frequent 
floods. Such flood waters would have moved through its Lower Canyon 
with sufficient velocity to carry the Columbia’s load, but little, if any, 
additional load. The Lower Canyon probably was not large enough 
to discharge its load at very high water, as is now the case every year 
for more than a month. At such times the tributary streams, being 
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unable to discharge, would have backed up to a flood stage with stagnant 
water or slightly reversed currents. Under these conditions, smaller 
tributaries would have discharged into the main tributaries such an 
overload that aggradation would have occurred. 
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Figure 23—Summary hydrograph of Columbia River at Bonneville, Oregon 
Courtesy, United States Engineers. 


For this explanation to be acceptable, it must be assumed that the 
floods of the tributaries were not so large nor as long enduring as those 
of the Columbia River. Support for this assumption may be found in 
the present habit of the Columbia River and its tributaries (Fig. 23). 

The upper drainage basin of the Columbia River comprises many 
mountainous regions, and the spring and early summer melting of snow 
raises to high flood the small discharge channel of the lower river. This is 
often augmented when warm rains fall on thick snows that, in turn, lie 
on frozen ground. At such times the entire rain and snow melt is im- 
mediately discharged. At the same time the ground-water surface in the 
Cascade Mountains is at the land surface. A long period of rain ex- 
tending into the late spring, characteristic of the region, brings the water 
table to the surface in western Oregon. Heavy rains in western Oregon 
are not soaked up by the ground but are largely discharged into the 
tributary streams of the Columbia. Hence, the tributaries of the Colum- 
bia in western Oregon are dammed by the larger and coincident flood 
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in the Columbia. The water in the tributaries then rises rapidly, often 
to disastrous heights. 

The flood discharge of the Columbia River occurs once a year during 
the three-months period, May to July, reaching its peak in June. The 
duration of the floods has varied from 10 to 60 days. The rise is gradual, 
seldom exceeding one foot a day. The flood of June 6, 1894, the greatest 
on record, both above and below the mouth of the Snake, was pro- 
duced by the unusual combination of melting snow and heavy spring 
precipitation. This flood was exceptionally large below the mouth of 
the Snake, because of the approximate coincidence of the flood peaks 
of the upper Columbia and the Snake. It reached a crest of 1,170,000 
second-feet at The Dalles, Oregon, with an average for the same day 
estimated at 1,160,000 second-feet. This flood marked out a profile 
roughly 30 to 35 feet above mean low water, from mouth of the Snake 
to Celilo, a distance of 123 miles, but in the Gorge it rose to much greater 
heights. It stood at 60 feet above mean low water at- Big Eddy, 9 miles 
below Celilo; 59.4 feet at The Dalles; rose to 50 feet above low water 
at the head of Cascade Rapids, 45 miles farther downstream; and 
dropped in the next 7 miles to 43 feet above mean low water at Warren- 
dale, which marks the head of tidal reach, to 33 feet at Portland, and 
to 26 feet at Longview. The piling up due to channel friction is a not- 
able feature of the present Gorge, where the flood heights are almost 
twice those of the canyon above the Gorge. Flood peaks of more than 
800,000 second-feet at The Dalles have occurred 4 times since 1878; 
700,000 second-feet, 13 times; 600,000 second-feet or more, 28 times, 
and more than 400,000 second-feet, 47 times. A flood peak of 766,000 
second-feet was reached as late as 1928. A flood peak less than 300,000 
second-feet has occurred only once during the period of record. This 
was in 1926, when the maximum discharge for one day was 269,000 
second-feet. 

Floods occur annually at the present time, and it is probable that 
they occurred in the same manner during the Pleistocene. However, 
they were probably of greater size, and floods rising to 60 feet were 
probably annual occurrences. 

The high stand of water in the Gorge, then as now, did not retard the 
current. Currents range between 6 to 15 miles per hour at the present 
time. In the past, because of such currents, the Columbia was able 
to carry a large part of its load, although some of it was stranded along 
the walls. The material dropped on the bottom was cleaned out, as at 
present, during each flood. 

In the Pleistocene the tributaries east of the Cascade Mountains and 
Willamette River must have been ponded and in many cases their 
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currents reversed during the entire flood stage of the Columbia. The 
material brought into these streams was dropped and formed terraces. 

The outlet of Fifteen Mile Creek was dammed by the overload of 
Five Mile and Eight Mile creeks, and perhaps Three Mile Creek, be- 
cause, from the entrance of the first two, the lower course of Fifteen 
Mile Creek is almost filled with large gravel terraces at 250 and 350 
feet in elevation (Fig. 11). The anomalous course of Fifteen Mile Creek 
cannot be explained by the Spokane or Allison’s floods, for such a flood 
would have carried gravels across three low divides into Fifteen Mile 
channel and the flood should have entered by way of the Deschutes 
River. 

The gravels at the mouth of Fifteen Mile Creek are due to back- 
water flooding. The three low divides lie between abandoned channels 
which were cut by Fifteen Mile Creek as it was shifted downstream 
in its attempt to enter the Columbia River, before it became entrenched. 
The overflow of Bretz’ or Allison’s floods would have cut channels nor- 
mal to the creek channels, and gravels would occur in Fifteen Mile 
Creek at the termini of the spillways. 

Further proof that these gravels were due to backwater are the de- 
posits along the entire length of the Deschutes and John Day rivers. 
They are found in part above the level postulated for the Spokane Flood, 
and are piled on the edges of alcoves and blunt sub-tributary canyons. 
These gravels were derived from the Shutler and the Dalles formations, 
carried over the Shaniko Surface, and deposited as alluvial fans at the 
edge of the large ponded canyons. 

Deposits of these gravels at the mouths of the streams tributary to 
the Columbia Canyon have torrential bedding dipping upstream. This 
is proof of the greater and longer-continued flood in the master stream 
than in the tributaries. 

The bedding of the terraces plainly shows that they were built up by 
many floods, of different velocities and durations, over a long period 
of time. They cannot be accounted for by a single period of drowning 
or flooding. Further, the upstream torrential bedding in, and at, the 
mouths of the tributaries shows that the flood waters of the Columbia 
created eddies up the tributary valleys. 

The age of the deposits is shown by the presence in them of elephant, 
mastodon, and sloth bones. 


EARLY INTRA-CANYON LAVA FLOWS 


The lava flows within canyons now tributary to the Gorge are classed 
as “early” or “later,” depending upon the time of issue as either before 
or after the submergence of the Gorge. These lavas will be discussed 
in chronological order. The earliest ones were erupted soon after the 
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diversion of the Columbia River, others during entrenchment. Some 
flowed out after the Gorge was cut down to its present level. 

In the Wind River valley there appear to be two periods of intra-can- 
yon flows, the older of which will be called the Trout Creek Hill flow 
(Figs. 18 and 19). Surrounding Trout Creek Hill in T. 4 N., R. 17 E., are 
a number of high points forming a caldera-like depression, breached on 
the southeast side, and from which the intra-canyon flows appear to 
have come. The Trout Creek Hill lavas followed the ancient Wind River 
valley and may belong to later Cascan time. In them was cut another 
valley, also barbed to the Gorge. The later valley was followed by the 
Carson lava flows which at the Gorge fill it for 500 feet above river level. 
Trout Creek Hill and Carson lavas apparently flowed down the ancestral 
Wind River valley while it still drained into the Hood-Adams Valley 
and at a time just before the diversion westward of the Columbia River 
(Fig. 6). There are several small rocky islands in the river and a number 
of hills that may be remnants of the Carson lava flow. B. M. 99 Hill 
may be such a remnant. Union intrusive is different in composition and 
texture and apparently is not such a remnant (Fig. 10). 

The surface of the Little White Salmon River intra-canyon flow forms 
the flat-bottom of a valley at 800 feet in elevation. Its base is 200 feet 
higher than the Columbia River. The Little White Salmon River flow is 
the largest of these intra-canyon lava flows and can be traced almost to 
Mount Adams, although none can be found to the east or west in the 
Gorge. Petrographically the flows are quite similar to the lavas of 
Mount Hood. 

The surface of the White Salmon River intra-canyon lava flow, at 
about 500 feet above M. S. L., suggests that it was contemporaneous 
with the Carson intra-canyon lava. This lava flow never reached the 
Columbia River, because it was choked in the narrow superposed can- 
yon in which it flowed. Both of these must be pre-Gorge and probably 
flowed out when the diverted Columbia River was draining southward 
down the Hood-Adams outlet. The similarity of these lavas to those 
of Mount Hood suggest that they antedate by very little time the 
eruption of Mount Hood which dammed the Hood-Adams outlet. 

A bench above St. Cloud is formed by a basic olivine andesite intra- 
canyon lava flow (Fig. 3). Westward to Prindle, this lava occurs dis- 
continuously along the north river bank, and a small mass was noted 
at the foot of Latourelle Falls. In places the surface of the lava is 
scoriaceous and does not appear to have been greatly eroded by the river 
except where it has been entirely removed. The occurrence of this 
lava at the same elevation for a distance of about 10 miles, and on both 
sides of the river, shows it to be unconformable with the dip of the Eagle 
Creek formation and Columbia River basalt. This intra-canyon lava, 


: 
bg 
ne 
| 
fs 


LATER HISTORY OF THE COLUMBIA RIVER 913 


called the Prindle flow, must have had a solid surface on which to flow, 
and, as the thalweg in this stretch of the river is about 150 feet below 
M. $8. L., it probably issued before the Gorge was completely entrenched. 

Kloan Butte (Fig. 11) in T. 1 N., R. 16 E. is a young volcano that 
erupted just east of Deschutes Canyon. Its lavas flowed a short dis- 
tance down into Deschutes Canyon, where they still remain. It is there- 
fore of post-entrenchment age. 

Mount Hood is an intra-canyon voleano. It erupted in, or close to, 
the Hood-Adams Valley, which it almost filled. The rocks of Mount 
Hood are trachyte hypersthene andesites similar to those of the Park- 
dale lava flow (Fig. 14, 21) and petrographically different from the 
Cascan lavas. To the north, east, and south, its radiating flows in 
places fail to fill Hood-Adams Valley completely, with the result that 
there are a number of open flats left between the radiating prongs and 
the walls of the older Hood-Adams Valley. 

In the Mount Hood region, no other intra-canyon lavas are known, 
but several occur in the Lower Canyon east of The Dalles, where they 
issued from the Columbia Fault and flowed across the Columbia River 
(Hodge, 1931a). 

SUBMERGENCE 

After the excavation of the Gorge, it was in part submerged. At the 
mouth of the Columbia River, there seems to be a submerged channel 
which terminates in a cliff 30 miles at sea. At the foot of the submarine 
cliff the submerged river bed appears to be 500 fathoms deep, and the 
drowned continental shelf and cliff crest is 100 fathoms below M. S. L. 
Thus, a canyon once 3000 feet deep has been submerged in two stages, the 
first of 2400 and second of 600 feet. The soundings are none too certain 
but do indicate a greater amount of submergence off the coast than has 
been found inland. 

Two terraces near the mouth of the Columbia River, the higher being 
225 feet above M. S. L., indicate a local submergence of an additional 
225 feet in the recent past. 

At Ariel Dam, Lewis River, Washington, two old channels and a 
buried waterfall with a pot-hole were found 125 to 130 feet below river 
level and 75 to 80 feet below sea level. 

In east Portland at 39th Avenue and Glisan Street, a deep well was 
sunk many years ago, from an elevation of 200 feet above M.S. L. to a 
depth of 1500 feet below M.S. L. The well passed through grits, gravels, 
micaceous sands, and reworked volcanics containing fossil wood and 
lignite, and penetrated “Archean granite” at 1156 feet below M. 8. L. 
Micaceaus sands are not found in the Troutdale formation, but are 
characteristic of the present load of the Columbia River. 
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Diamond-drill soundings on the Columbia River by the Corps of 
Engineers show the following depths below sea level to bed rock: 125 
feet at Bridal Veil, 140 feet at Warrendale, 122 feet at Bonneville, and 
68 feet at Cascades. Less than 15 miles east of Cascades, bed rock 
occurs as small islands at sea level. In short, in about 40 miles there is 
a drop of the channel from sea level to 150 feet below sea level, a slope 
of 3.75 feet to the mile. The distance in a straight line directly west 
from sea level submergence to the projected end of the submerged chan- 
nel is 160 miles. The projected slope would give a submergence of 600 
feet, as compared with the actual 2400 feet. This means that the flexing 
which produced the submergence was progressively greater to the west 
or that faulting has dropped the coastal portion. 

The presence of micaceous sand and nonfossilized wood in the channel 
suggests filling by the Columbia since it cut the Gorge. This filling must 
have been done at about sea level. As these deposits have been found 
down to a depth of 1156 feet below present sea level and as the Troutdale 
formation is found at an elevation of 650 feet above present sea level, it is 
safe to assume that the sum of these figures would give the elevation 
of the Troutdale before the submergence. This figure, 1806 feet, is in 
harmony with the elevation of diversion already given. Valleys cut in 
the unwarped surface were drowned by this submergence. The depression 
has not been a north-south synclinal warp, but a bending with increasing 
flexure to the west toward the sea. Hence, it does not agree with Diller’s 
warp-origin of the Willamette Sound. The gradual increase in depth of 
the bottom of the valley-way also indicates that the soundings have not 
chanced into local over-deepenings of a river channel. It is apparently 
a recent submergence that still persists, as the tide reaches 140 miles inland 
to Warrendale. 

After submergence the drowned channel was filled with river sands, 
silts, and boulders. These all contain much muscovite and many pebbles 
that may be recognized as material from the upper reaches of the river. 
Most of the material is rock foreign to Oregon, which indicates strong 
currents and large volumes of water. The foreign pebbles may be found 
along the beaches to the north and south of the Columbia River. These 
facts suggest that the drowned channel was quickly filled almost to sea 
level (Pl. 2, fig. 2.) 

One effect of aggradation was to cause strong currents to impinge 
against the weathered walls of the Gorge. The valley walls before and 
after submergence were steepened by undercutting, especially along the 
north wall where the Eagle Creek formation is exposed. Submergence 
simultaneously raised the ground-water level in the Eagle Creek forma- 
tion. As a result, landslides occurred, burying the sands, silts, and gravels 
(Figs. 8, 15; Pl. 2, fig. 2; Pl. 5, fig. 2.) From Stevenson westward to 
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Cape Horn landsliding on a large scale has taken place, mainly on the 
north side of the Gorge. 

The landslides are of different ages and occurred in the following order: 
Locks, Stevenson, Dodson, Prindle, Shepperd’s Dell, Skamania, Archer, 
Cascades, and Ruckel (Fig. 2). Fletcher Flat is an impending landslide. 
Because of the nature of the Eagle Creek formation it piles up, as the 
result of landsliding, into a heterogeneous mass like a well-puddled dam 
(Pl. 11, fig. 2). Each landslide more or less completely dammed the 
Columbia River, and the ponded water cut a new channel across the distal 
portion of each slide. For instance, the Cascade landslide has forced the 
river far to the south and superposed it upon a bedrock spur of the south 
wall. The shifting of the constricted river course against the south wall 
has produced secondary landslides, such as the Ruckel and the Warren- 
dale slides (Pl. 10, fig. 2). The water flowing over the landslide dams 
reduced them to river level. The Eagle Creek formation lying downstream 
from these wing-dams was in part protected by them and cut into ter- 
races, such as that extending from Bonney Rock west to Warrendale 
(Fig. 15). Each landslide caused a change in the axis of current and 
initiated undercutting at a new locality, which resulted in another land- 
slide. Most of the surface-aggraded material in the valley-way of the 
Columbia River was derived from these landslide dams; most of the 
islands west of the Cascades are truncated landslides and occur chiefly 
on the north side of the Gorge. Two landslides have been very active 
throughout the past one hundred years and for a long time were an annoy- 
ance to the railroads on the north and south banks (Fig. 24.) 

It has been found that where tunnels are driven along the contact of 
the landslide and bedrock that the landslide mass is drained and move- 
ment ceases. Where tunnels are driven into the landslide itself no drain- 
age is effected, because of its puddled character, and the movement con- 
tinues. The troublesome and well-known Ruckel landslide was cured by 
the Union Pacific Railroad by proper location of drainage tunnels (Mur- 
ray, 1924). 

At Cascades the Eagle Creek formation has been so recently exposed 
to river erosion that along its entire exposure it is sliding into the river. 
It has come down so recently that the earth and boulder dam so formed 
remains and creates slack water from Cascades to Hood River. It forced 
the river over to the south side and formed, at one time, the Bridge of 
the Gods (Figs. 15, 18, 19, Pl. 5, fig. 2; Pl. 8, fig. 2). The dam so formed 
is not entirely eroded away, but forms four rapids, 7 miles long, with a 
total fall of 37 feet at low water. The rapids are in part due to the super- 
position of the river on south-wall spurs of the dammed valley. 

This recent landslide originally raised the river level more than 300 
feet and formed the lake which the writer proposes to call the “Lake of 
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the Gods”. It drowned the narrow fringe of forest that lined the banks 
of the river from Cascades to Hood River. The trees so drowned are 
famous and have been recorded and described by many of the authorities 
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Ficure 24—Contour map and record of movement of Ruckel slide 
Contour interval, 10 feet. 


cited in this paper. Samples of these trees show them to be Quercus 
garryana and Pseudotsuga Mucronata.* They belong to species now grow- 
ing on the adjacent banks. This fact and the excellent state of preserva- 
tion of the trees suggest that the slide occurred not more than 500 years 
ago. Attempted correlation of the annual rings of the trees with others 


Determined by Professor L. F. Henderson, Curator, University of Oregon Herbarium. 
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has met with failure. Certainly the landslide occurred so recently that the 
oaks and red firs drowned by the Lake of the Gods are undecayed and the 
earthen dam formed by the landslide has not, as yet, been removed by the 
river. The oldest trees growing on this landslide are 250 years old. The 
bedded silts which accumulated in pockets of the landslide (PI. 12, fig. 1), 
indicate the elevation to which the ponded waters rose. 


LATER INTRA-CANYON LAVA FLOWS 


The youngest intra-canyon lavas differ from the earlier ones in that 
they were vented after submergence, or at least they lie on bedrock or 
landslide material that is nearly at water level. 

Opposite the mouth of Herman Creek is the young Herman Creek lava 
flow (Figs. 15 and 25). It can be traced up the Herman Creek valley to 
800 feet in elevation, but the position of the top of this flow below the 
northwest point of Green Point Ridge has never been satisfactorily deter- 
mined. The evidence seems to indicate that it does not occur higher than 
1000 feet. This lava flow is later than the Columbia River, because a 
stagnant slough, probably a former portion of the channel, lies at its base 
and apparently passes under it. The Herman Creek lava flowed up into 
the Herman Creek valley, and lies upon a landslide broken off from the 
south wall of the Gorge. Herman Creek was diverted by the lava for more 
than a mile downstream. The surface of the lava, even up Herman Creek, 
is highly scoriaceous and scraggly and still retains waves, billows, and flow 
lines. Three prominent ridges of the flow lie parallel to the Columbia River. 
The lowest ridge, nearest the river, is at 300 feet, the next one at 500 feet, 
and the highest one at about 1000 feet in elevation. Each ridge, and the 
valley between appears to be uneroded, and the ridges themselves suggest 
a source to the east. Herman Creek lava flow is not a part of the Carson 
lava flow, because ridges could not have originated, piled up to 1000 feet 
in elevation, and retained their perfect form if they had come from the 
north. Herman Creek lava fiow is not part of the Cascan, as shown both 
by its composition and by its absence in all the valleys except Herman 
Creek. It is an olivine basalt like the Deschutes formation of eastern 
Oregon. The conclusion is that Herman lava flow erupted close to the 
Gorge from a nearby source, perhaps in B. M. 99 hill. Erupting adjacent 
to the Columbia River, it is probable that the northernmost portion of the 
volcano was removed almost as rapidly as formed, but the southernmost 
flows filled the valley and are preserved where the lavas flowed against, 
and were protected by, the south wall of the Gorge. 

Another intra-canyon lava flow occurs in the Hood River valley north 
of Mount Hood (Fig. 14). It lies on the east side of the Middle Fork of 
Hood River and extends from a point just west of Parkdale southward for 
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a distance of about 5 miles. It has a perfectly preserved young lava 
surface, and apparently issued from a vent that broke through the allu- 
vium on which it lies. This lava flow is younger than Mount Hood and 
may be only a few hundred years old. 
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Fiaure 25.—Herman Creek lava flow 


There appear to have been three stages in the growth of Mount Hood: 
a very ancient stage related to the Cascan formation, a stage referred to as 
Early Intra-canyon, and a very recent stage, so young that its crater is 


partially preserved, its rocks still hot, and its voleanic emanations of 
cinnabar, sulphur, sulphur dioxide, and hydrogen sulphide still escaping. 


CONTEMPORANEOUS EROSION OF THE GORGE 
The river is still engaged in the process of downcutting. Along its entire 


course there are numerous pinnacles, submerged reefs, and islands of rock 
that project through its surface. Some of these are exceedingly small and 
narrow, but all of them are evidence of the fact that the river has not as 
yet cut to grade (Figs. 10, 20, 22, Pl. 8, fig. 1; Pl. 10, fig. 1). 


Four sections of the river will be considered in turn. The most 
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easterly section extends from the mouth of the Snake River to the head 
of Celilo Falls, a distance of 123.5 miles, in which, at times of low water, 
there is a fall of 184.5 feet. Of this fall, 86.1 feet is concentrated in sixteen 
rapids having an aggregate length of 19 miles and a slope of from 8 to 8.3 
feet per mile. The average slope at low water over the reaches between 
rapids is 0.93 feet per mile (Pl. 12, fig. 2). 

The second section, extending from the head of Celilo Falls to the foot 
of Three Mile Rapids, is 11.5 miles long and contains four rapids. This 
stretch has a fall of 82 feet at low water, concentrated for the most part 
in Celilo Falls, at the head of this stretch, and in Ten Mile Rapids, Five 
Mile Rapids, and Three Mile Rapids. From the head of Celilo Falls to the 
foot of Five Mile Rapids the river is unnavigable, and the Dalles-Celilo 
canal was built around the falls. From the foot of Five Mile Rapids, 
a narrow rocky gorge, one mile in length, extends to Three Mile Rapids, 
which is half a mile long (Fig. 22, Pl. 9, fig. 2). 

The third section extends from the foot of Three Mile Rapids, about 
114 miles above The Dalles, Oregon, to the head of the Cascade Rapids. 
The portion of this section from Hood River to Cascades is drowned by 
damming by the Cascade Landslide (Fig. 20). The fall in this stretch, 
at low water, is only 4 feet in a distance of 41.5 miles, with a controlling 
depth of about 12 feet at low water. 

The fourth section extends from above the Cascade Rapids to tidal 
reach at Warrendale, a length of 7 miles (Fig. 15). In this distance there 
is at low water a fall of 37 feet. Of this 37 feet, 25 feet is concentrated 
in a distance of about 3,000 feet through the Cascade Rapids proper and 
the remaining 12 feet occurs in the Gorge below. The fall of 12 feet 
through the Gorge is not uniform but is broken at two piaces; namely, 
Summit Rapids, about three-quarters of a mile below the foot of Cascade 
Rapids, and Bonneville Rapids, at the foot of Bradford Island, 314 miles 
below Summit Rapids. In the 173 miles from the mouth of the Snake 
River to tidal reach, the total fall is 308 feet, or 1.74 feet to the mile. This 
is much less than the fall of 3.75 feet to the mile, in the submerged section 
of the river bottom west of Warrendale. 

The fall from the foot of Three Mile Rapids to the foot of Summit 
Rapids is due to the Cascade Landslide and not to erosion on bed rock. 
If this be eliminated the fall in the Lower Canyon in 125 miles is 267 feet, 
or 2.1 feet to the mile. Hence, the Lower Canyon River bed does not 
slope concordantly with the Gorge. Either it was only slightly flexed at 
the time of submergence or the hinge of flexure was at the eastern end of 
the Gorge. 

East of the Gorge the river is flowing in most places on basalt in a nar- 
row, crooked channel, exposed eleven months of the year in numerous 
islands in midstream. Table 2 gives the essential facts. 
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Taste 2.—River channel above Celilo Falls 


Con- | Width | Length Velocity 
Miles | trolling of of shoal of 
above | depth | channel |lessthan| current 
Locality Celilo | at low | at this 7 ft. low Remarks 
Falls water | depth | depth water 
(Feet) | (Feet) | (Feet) | (Mi. per Hr.) 
Biggs Rapids............. 6% 6 300 500 5 Gravel shoal 
John Day Rapids......... 16 6 ay Ras 7 Rock pinnacles 
Indian Rapids............ 19 10 oe Sara 6 Crooked 
Squally Hood Rapids..... 22 7 100-200 }........ 7 Some rock pinnacles— 
Crooked channel 
Rock Creek.............. 27 8 Crooked channel 
Four O'Clock Shoal....... 32 6 300 600 4 Gravel shoal 
Owyhee Rapids........... 38-40 7 i eee 6 Gravel shoal—Some 
rock pinnacles— 
Crooked channel 
Canoe Encampment Rapids} 64 8 6 Crooked channel 
Devil’s Bend............. 85 7% i SSS Rock pinnacles— 
Crooked channel 
Umatilla Rapids.......... 91 6 200 300 10 Rock pinnacles— 
Crooked channel 
Bull Run Shoal........... 109% 6 300 500 5 Gravel 
Homly Rapids........... 117 44 60 2000 7 Rock pinnacles— 
Gravel 


In this channel there are some unusually large pot-holes. One at The 
Dalles is 150 feet deep; another, at Four O’clock Rapids is 78 feet deep, 
and a third at Blalock Rapids is 100 feet deep. These holes are surrounded 
by visible bed-rock at river level, and are due to the great velocities that 
occur in a channel averaging less than 200 feet wide. Eddies in twisting 
narrow channels suck out the joint blocks or small columns of basalt and 
cut rapidly down into the scoriaceous layers or small lenses of interbedded 
ashes. 

Near Bonneville, several pot-holes are cut in the Eagle Creek agglom- 
erate and in the andesite sills. At the east end of the navigation locks 
there is a hole 100 feet below mean river level, or 78 feet below M.S.L. 
Below the power house is another of comparable depth. The former was 
largely filled with silt, but the latter had been kept free of sediment by spill 
over an andesite sill. A narrow canyon cut in the andesite sill, between 
the two, contained two pot-holes, 72 and 67 feet below M.S.L. Other 
pot-holes and deep narrow submerged gorges occur in the vicinity. One 
pot-hole south of Boat Rock is more than 80 feet below M.S.L. A sub- 
merged gorge beneath Bradford Island at Bonneville is 120 feet below 
M.S.L. 

The pot-holes are the most striking feature of the very irregular surface 
of channel bedrock. The narrow channel of this type is clear proof of the 
manner of incisement of a river flowing over Columbia River basalt-like 
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formations. It explains the quinton topography and the abandonment of 
rock benches and channels, already described. It is reasonable to sup- 
pose that before the submergence some over-deepening took place in the 
Gorge; therefore, the soundings may in places be misleading as to dis- 
tance to bed rock. The Columbia estuary in the Gorge may be considered 
as due to a depression of about 125 feet. 

The velocities of low water in the Lower Canyon range between 5 and 10 
miles per hour. In the narrows of the Gorge the low-water velocities are 
no greater. At Cascade Rapids, the narrowest constriction in the Gorge, 
flood velocities exceed 15 miles per hour. Swift current continues as far 
west as Warrendale, beyond which tidal currents prevail. 


PREHISTORIC MAN 


Some years ago (Krieger, 1929, and 1935), learned societies made 
detailed investigations of the evidence concerning primitive man within 
the Gorge. These showed the presence of the modern Indian and of an 
older Indian, neither of whom, however, was classed as “ancient man”’. 
This does not negate the theory of the Gorge having been a passageway 
for ancient man, because the Gorge has, within the few last thousand years 
or less, been drowned. This drowning would have lowered all sites west 
of The Dalles below the level of the sea. 


THEORY OF ANTECEDENT ORIGIN 
EAGLE CREEK SURFACE 


In this paper an attempt has been made to present in logical order the 
history of the Columbia Gorge as interpreted from all known facts. In 
conclusion, the cogent reasons opposed to the antecedent theory will be 
reviewed. 

Condon is the only authority who definitely stated that the Columbia 
River had its origin in, or prior to, Eagle Creek time and maintained its 
course. Many writers since have accepted this theory either by direct 
statement or by implication in their writings. According to this theory, 
the river would have had to hold this course more or less in its present 
location in spite of the thousands of long thin lava flows of the Columbia 
River basalt that must have flowed across it, until, finally, 3,000 feet of 
this basalt was deposited upon the surface on which the river originated. 
Any river that may have existed upon this surface must have been dammed 
not once, but many times, by these successive lava flows and, when 
dammed, produced lakes and lake beds. Except for the micaceous sand- 
stones that are found in the eastern Washington portion of the Columbia 
River basalt formation, no lake beds are known, though the conglomerates 
give evidence of the presence of stream beds filled with cobbles at that 


time. 
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CORIBA SURFACE 


The lava plateau formed by the Columbia River basalt was the surface 
on which the Columbia River originated, according to most writers. 
Williams (1916, p. 122) gives the most elaborate statement of this theory. 

The following objections are offered to this explanation: 

The walls of the Gorge, at least the upper portion, should be in a mature 
or old-age stage. On the contrary, and strangely too, all writers have 
given vivid pictures of the youthful character of the Gorge. 

The Eagle Creek formation would have been exposed to the headward 
erosion of tributary streams of the Columbia River from the time of its 
first exposure to the present. Hence, the upper “bajada” portion of 
the formation should have been removed; indeed, a large embayment 
should have been eroded where the old mountain stood. Every factor 
favors its erosion, and yet today it still stands high and for 30 miles forms 
the picturesque narrows called the “Cascades.” 

An ancient river course should show old tributary valleys in the 200 
miles of the Lower Canyon in the Columbia River basalts. Only two 
occur: the Willamette and the Hood-Adams, and these are both trans- 
verse to, and older than, the Gorge. 

The river shows no effects of folds thrown across its path. For instance, 
it avoided a structural lowland at, or below, river level that extended from 
The Dalles southwest beyond Mount Hood and westward by way of 
Sandy Lowland to the Willamette Valley. It likewise avoided the Hood- 
Adams Valley south of Mount Hood, and ignored the Prindle Valley. 

The folds athwart the supposed antecedent river rose so fast that their 
arches are 90 per cent preserved. 

Under the theory of an antecedent stream, the narrows should occur 
at the crests of folds and the wides at the troughs of the synclines. In the 
Columbia Gorge and Lower Canyon, the narrows and wides are deter- 
mined by the character of the neighboring rock, rather than by the struc- 
ture in the Columbia River basalt. 

The postulate of an antecedent river demands that narrows are cut into 
the anticlines which rise first above river level. Such narrows should form 
very young canyons at each anticlinal arch. In the synclines, depending 
upon the rapidity of uplift, there should have been produced wides of the 
river and perhaps slack water. Only in the event of a geanticlinal uplift 
would the synclinal troughs be raised so rapidly that in them the river 
would incise and form narrows. If this were true, the wides should occur 
in synclines and the opening into, and departure from, a wide should 
conform to the structural contours. Contrary to this expectation, the 
wides do not all occur in synclines, and they open abruptly. Moreover, 
the river abruptly enters and leaves the narrows. The one wide that cor- 
responds to a syncline is the Umatilla Basin. 
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An old master stream might, but all its tributaries would not, maintain 
a course across rising folds. The tributaries would be structurally con- 
trolled and should show a symmetrical arrangement. No such arrangement 
exists, and all tributaries are unrelated as to size, position, grade, and 
stream: valley ratio. 


SUPPOSED PENEPLANE 


The surviving drainage pattern upon a peneplaned basalt surface would 
be that of an old-age stream crossing a floor of homogenous material. 
Streams which meandered on the old surface would now show the greatest 
number of entrenched meanders where the uplift has been the greatest. 
This is not the fact. On the contrary, the John Day and Deschutes rivers 
display entrenched meanders only in their lower trunks, and the Columbia 
River shows no meanders. 


FILLS, INTRA-CANYON LAVAS, AND LAVA DAMS 


If an antecedent stream developed on the Coriba Surface, on a pene- 
plane surface, or on any other probable surface, it would show features 
that do not exist, as will now be pointed out: 

Some tributary stream of the Columbia must have incised nearly as 
rapidly as/the master stream and cut a valley southward to Sandy Low- 
land. This stream would have carried the Dalles and Troutdale fillings 
of Sandy Lowland northward to the Columbia Valley. No transported 
deposits of this type occur here, but they do occur in V-shaped valleys 
high up on the south wall. 

Later lavas most certainly would have followed the valleys already 
described above and would be found as intra-canyon flows. All known 
intra-canyon flows, on the contrary, are the youngest, and latest, features 
formed. 

The Underwood lavas flowed across the Columbia River as far south 
as Tucker’s Bridge. If the Columbia River had been in existence, these 
lavas would have dammed it. The dam so formed would have been 900 
feet high and 5 miles wide (up and down stream). Not the slightest 
evidence exists of such a dam nor of any diversion by it. 

Synclinal lowlands and erosional lowlands would have been filled by 
the later soft deposits. How these could have been filled flush with all 
surrounding surfaces, while an old river was furnishing an open outlet 
and its well-developed tributary streams were helping to transport all 
erodible material to it, is difficult to answer. Also, under the same con- 
ditions, how the soft deposits could linger, with steep walls on the brink 
of the Gorge, has not been explained by proponents of the antecedent 
theory. 
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SUPPOSED GREAT COLUMBIA RIVER BASALT ARCH 


All writers agree that the Columbia River basalt occurs at lower and 
lower elevations from Cascades (“the axis”) westward to Cape Horn 
and that any given flow outcrops at lower elevations on the south side 
than on the north side of the Gorge. As the course of the Gorge is S 66° W, 
the basalt actually dips a little east of south. Because the dip is east- 
ward, the “arch” constantly referred to in the literature cannot exist (Fig. 
8). Without such an arch the principal basis for the antecedent theory 
fails completely. 

SUPPOSED ARCHING OF CASCAN SURFACE 

The next assumption under the antecedent theory is that after Cascan 
time the Columbia River developed a consequent course over the Cascan 
Surface while this surface was practically at sea level. It maintained 
this course while the Cascade Mountains were arched up. The following 
facts contradict this theory: 

No Cascan lavas show any evidence of deformation, even in the Dog 
Mountain zone. 

Windshell intrusive of Cascan age would, according to this assump- 
tion, have been uplifted 3000 feet and tilted eastward. Evidence has been 
offered that the old volcanic neck stands erect and untilted. 

The greatest narrows should occur at the axis of the Cascades and the 
wides to either side. The fact is that the narrows occur where hard rock 
occurs and it so happens that the “axis” lies across the Old Wind River 
valley, where a prominent wide has been re-excavated. 

Trout Creek Hill, Carson, and other intra-canyon lavas are of different 
ages. According to the antecedent theory, the river should always have 
been close to grade and these lavas should have reached the river at, or 
close to, the grade. Since then the continued uplift that has formed the 
arch should have elevated these “fossil valleys” and they should show a 
difference in elevation corresponding to their time of origin and their 
position on the arch. This also has been shown not to be a fact. 

From Eagle Creek westward the contact of the Cascan with the Colum- 
bia River basalt, in the Gorge and in the Bull Run River, shows a steady 
descent. If this were due to deformation after the Cascan Epoch, as 
stated by Bretz, the Cascan volcanoes should show evidence of that fact. 
Tilting would, perhaps, not be detectable but the average elevation should 
be less on the two sides of the “arch” than in the center. This is so untrue 
that photographs have been published to show the horizontal “peneplane” 
surface of the Cascade Mountains (PI. 4, fig. 1). 

The hanging valleys should all be at the central portion of the arch and 
not chiefly in the two areas of thick andesite flows. 

The writer has given evidence that no deformation of the Cascan 
formation has occurred; hence, an antecedent stream must have been 
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of earlier origin and its valleys in part or wholly filled with Cascan 
lavas. Abundant evidence proves that the Gorge section was crossed 
by Cascan flows that moved on a surface of uniform slope. 


GRADE 


Under any theory of an antecedent stream, the Columbia River should 
be nearly at grade. Instead, it is a tumultuous stream attempting to 
attain grade. Consider the high pinnacles that rise hundreds of feet 
from bed rock out of the very river channel, and the numerous and 
ever-present small pinnacles. Dozens of rock islands occur, and the 
entire bed of the river is covered by submerged rock reefs and points. 
Such conditions hold for 200 miles, from one end of the canyon to the 
other. The distribution of these features has no apparent relationship 
to the structure. 

SUPERPOSITION 


Beacon Rock is excellent evidence of superposition. If this narrow 
dike with its excellent columnar structure had been surrounded only by 
soft Eagle Creek formation and had stood directly in the path of an ante- 
cedent stream, it is hardly reasonable that its shear walls would still 
rise 800 feet above the river. On the other hand, if this rock has just 
recently been dissected by an entrenching stream, its position and 
character are easily understood. Moreover, if a valley had existed here 
at the time of eruption of Beacon Rock Volcano, that volcano should, 
like Underwood Mountain, Mount Hood, and Middle Mountain, have 
dammed the valley and deranged the course of the river. After the re- 
moval of its materials, the antecedent stream would have avoided it and 
left erosional remnants of lava flows inset in some of the tributary 
valleys of the antecedent valley. The Prindle, Skamania, and Herman 
Creek intra-canyon lava flow show these features, but Beacon Rock 
does not. Williams (1916, p. 71) suggests that it might have been a 
feeder to the Eagle Creek formation, but its composition is unlike that 
of any of the Eagle Creek lava flows, all of which indicate a source to 
the north. If of Eagle Creek age, erosion would have lowered it to the 
general Eagle Creek formation surface prior to the deposition of the 
Columbia River basalt or the Columbia River basalt formation would 
have surrounded it and preserved it; in either case, an antecedent 
stream would have removed it. 

Erupting volcanoes disregard geomorphological surfaces, and, in view 
of the great length of the Gorge, it is surprising that it cuts across so 
few feeders of the Cascan formation. The antecedent theory of origin 
would demand that those volcanoes erupting along the site of the river 
would have dammed and diverted it, and left remnants of their activity 
in alcoves in the valley wall. Moreover, under such conditions, no 
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antecedent river could possibly have cut its way through the very center 
of a feeding neck such as Windshell. Mount Hood, Middle Mountain, 
and Underwood Mountain are illustrations of such volcanoes erupting 
within valleys whose streams have avoided each volcano and have 
chosen the lowlands around them. 


LANDSLIDES 


The final point is believed to be conclusive. The Eagle Creek forma- 
tion exposed on the north side of the Gorge from Carson to Prindle, 
nearly half the length of the Gorge, would have been subject to erosion 
by an antecedent stream just as soon as the Columbia River basalt was 
cut through. As the land rose, more and more of it would have been 
exposed. 

Between Stevenson and Skamania, where the Eagle Creek formation 
forms the entire north wall, erosion would have attacked it during all 
of the time of Gorge cutting. Consequently, between Carson and Prindle 
there should now be no Gorge but instead, a wide mature valley, and 
between Stevenson and Skamania a great lowland. But the name given 
to this reach of river by all writers is “Columbia Gorge!” 

The Cascade Landslide, previously discussed, deserves further con- 
sideration. It is the largest of the many landslides in the Gorge. It 
occurs just where stability of the valley walls should, under the ante- 
cedent theory, have been attained during two whole geologic epochs. 
The conditions for landsliding in this formation are excellent. The 
bedding has a south dip; most of the beds are exceedingly porous, 
and between them lies decayed volcanic ash, a bentonitic material that 
is impervious to water. To the north is a country that receives about 
120 inches of rainfall, much of which soaks into the Eagle Creek forma- 
tion and follows its aquifers southward. The incoherent and unconsoli- 
dated character of the formation, the slippery bentonitic beds, and its 
sponge-like character cause it to slide wherever it outcrops along the 
Gorge. 

The Eagle Creek formation has been so recently exhumed by en- 
trenchment of the river that the landslides from it are very recent in 
age, and some are still moving toward the river. On the Cascade Land- 
slide surface, trees are tilted and prone, as a result of movement within 
their own life-time, and roads and trails in its distal end have been dis- 
placed within a few months after their construction. 
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INTRODUCTION 


GENERAL STATEMENT 

Marine fossils were recently discovered east of Marysville, California, 

by Theo Crook, in a conglomerate resting on the bedrock of the lower 

western slopes of the Sierra Nevada. Crook kindly turned over his col- 
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lections to the University of California and suggested that the writers 
make a more complete examination. Additional fossils have been col- 
lected and the local stratigraphy has been studied, resulting in the recog- 
nition of a new formation, herein called the Wheatland formation. On 
the basis of the fauna, the formation is correlated with the lower portion 
of the Gaviota formation of the Santa Ynez mountains, California, and 
with the Gries Ranch beds of southwestern Washington. These are ten- 
tatively considered of Upper Eocene age, but they may be Lower Oli- 
gocene. 

This formation is of importance for two reasons: (1) it is the first 
record of a marine invasion in this area in Upper Eocene or possibly 
Lower Oligocene time, and (2) the formation is heavily charged with 
andesitic débris, similar to the material found in the superjacent series 
higher on the western flanks of the Sierra Nevada. Therefore an entirely 
different age from that commonly stated (Upper Miocene, Lower Plio- 
cene) is indicated for a portion of the Sierra Nevada Tertiary andesites. 

The writing of this paper has been divided; Anderson wrote the first 
section dealing with the petrology and local stratigraphy, and Clark is 
responsible for the paleontology and paleontological correlations. The 
writers have studied the field relations together and are in mutual agree- 
ment. Funds necessary for the paleontological work of this paper were 
furnished by the Museum of Paleontology, University of California. Ac- 
knowledgment is made of the assistance of the Federal Works Progress 
Administration in the preparation of the manuscript. 


LOCATION 


The type section of the formation is located 6 miles northeast of 
Wheatland at the east margin of the Sacramento Valley (Fig. 1). The 
rocks are exposed on the east side of Dry Slough (Smartsville quad- 
rangle, 1/125,000) or Dry Creek as it is named on the later Spenceville 
quadrangle (1/31,680). The formation is indicated on the Smartsville 
folio as the Ione formation (Lindgren, 1895). 


WHEATLAND FORMATION 
GENERAL STATEMENT 


To the east, the Wheatland formation rests upon greenstones of the 
Sierra Nevada basement complex; Recent and Pleistocene gravels and 
sands have almost completely buried the former and lap upon the latter 
(Fig. 2). The Wheatland formation is exposed only in the disconnected 
stream banks of Dry Creek and in the small gullies to the east. In one 
of these small gullies, the basal conglomerate rests upon the weathered 
greenstone; molds of marine fossils in this conglomerate indicate that the 
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Ficure 1—IJndex map of Sacramento Valley and northern Sierra Nevada 


Shaded area marks the location of Figure 2. 


first sediments were deposited under marine conditions. The most north- 
erly exposure along Dry Creek contains a bed, 3 to 4 feet thick, of pebble- 
cobble conglomerate resting on channeled massive tuffaceous sandstone, 


and in this well-cemented conglomerate marine fossils are excellently 
preserved. 
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Above the fossiliferous conglomerate, 10 feet of massive tuffaceous 
sandstone is overlain by fissile tuffaceous silty lignitic shale; in the major 
portion of the section, composed largely of massive tuffaceous sandstones 
and silty shales, imprinis and remains of rushes indicate that marine con- 
ditions were shortly followed by a swampy environment. In some of the 
massive tuffaceous sandstones, fragments of leaf imprints were found, 
some of which were curled. 

The most southerly exposures, and youngest beds of the Wheatland 
formation, consist of 70 to 80 feet of well-bedded silty spheroidal shales 
with interbeds of lignitic material in which carbonized reeds are conspic- 
uous. In contrast to the tuffaceous sediments beneath, these rocks con- 
tain less voleanic detritus. 

An exact measurement of the thickness of the beds is impossible, 
largely because of the disconnected exposures, and also because the dip 
varies both in amount and direction. It is estimated roughly that the 
thickness of the formation is between 250 tc 300 feet. Regionally the dip 
is 3 to 5 degrees to the west-southwest. The local reverse dips may be 
initial as the result of deposition on an irregular surface. A few dips as 
high as 12 degrees may represent foreset beds, as the exposures are poor 
where these dips were found. Sagging following compaction of the finer 
sediments may also have caused these local abnormal dips. 


PETROGRAPHY 


Conglomerate——Pink and white quartzite, black chert, milky quartz, 
and a few partly sericitized and chloritized porphyries have been derived 
from the basement complex of the Sierra Nevada. Softer sedimentary 
rocks are represented by limonitic siltstones and a few angular fragments 
of dense brownish-gray limestone. 

Fully a third of the pebbles are andesites, ranging from red to various 
shades of gray. Both vesicular and massive varieties are present. The 
following notes briefly describe the more important types: 

a) HoRNBLENDE ANDESITE: Conspicuous labradorite and hornblende 
phenocrysts, the latter pleochroic in shades of yellow green and outlined 
or replaced by granular magnetite. Feldspathic groundmass with pilo- 
taxitic texture carrying small scattered magnetite cubes. Accessory apa- 
tite. 

b) PyroxENE ANDEsITE: Abundant labradorite and scattered greenish- 
gray augite phenocrysts set in a hyalopilitic groundmass with dark brown 
glass lightly dusted with magnetite. 

c) REDDISH HORNBLENDE ANDESITE: Numerous phenocrysts of labrado- 
rite and reddish-brown basaltic hornblende are attended by a few green- 
ish-gray augite crystals. The hornblende has a low extinction angle 
and is rimmed with magnetite. Groundmass is composed of andesine, 
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Ficure 2—Geologic map of the area north of Wheatland 
Modified from Lindgren, Smartsville folio. 
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augite, and hornblende microlites, the latter dusted with red iron oxide; 
pilotaxitic texture. 

d) GRAY HORNBLENDE-BIOTITE ANDESITE: Phenocrysts of labradorite 
frequently containing glass inclusions in zonal arrangement are abundant. 
Green hornblende phenocrysts, pleochroic in shades of yellow green to 
dark green, the deeper tints sometimes shaded with brown are also com- 
mon. The hornblende is lightly rimmed with magnetite. Small biotite 
phenocrysts are rare. The groundmass is brownish gray cryptocrystal- 
line studded with minute crystals of the above minerals. Apatite and 
magnetite are accessory. 

Hornblende andesite and pyroxene andesite are more common, and 
various specimens illustrate some modifications from the above descrip- 
tions. The pyroxene andesites may carry phenocrysts of hypersthene 
and rare basaltic hornblende, and there may be some variations in the 
texture of the groundmass. 

A few large angular fragments (up to 6 inches in length) of grayish tuf- 
faceous siltstone occur in the tuffaceous sandstones above and below the 
fossiliferous conglomerate. These siltstones contain much andesitic de- 
tritus, such as crystals of plagioclase, green and brown hornblende, augite 
and rare biotite, admixed with clay. The limonitic siltstone fragments 
so conspicuous in the fossiliferous conglomerate are identical to the gray 
siltstone fragments except for the yellow iron oxide, which is usually 
deposited in concretionary fashion. Tuffaceous siltstones were deposited 
nearby before the accumulation of the conglomerate, and the upper layers 
of such siltstones may have been exposed to the air for a time, allowing 
oxidation of the iron and the development of an iron oxide crust; the crust 
was broken up by the encroaching waves that were active at the time of 
the deposition of the conglomerate. 

The matrix of the conglomerate is coarse sand strongly cemented with 
calcite. Many of the sand grains are volcanic, consisting of chips of 
andesitic groundmass, strongly zoned plagioclase, basaltic hornblende, 
green and brownish-green hornblende, augite, and hypersthene. Sanidine 
is rare. The small amount of biotite may be of volcanic source or from 
the basement complex. Non-volcanic sand grains include orthoclase, 
microcline, quartz, and chert. Some of the plagioclase and green horn- 
blende may also be non-voleanic. 


Sandstones and shales.—In general, the tuffaceous sandstones are simi- 
lar to the sandy matrix of the conglomerate except that calcite cement 
is present only in the sandstone directly beneath the fossiliferous con- 
glomerate. In this particular sandstone, the calcite is so abundant that 
the sand grains rarely touch each other. Also, orthoclase is less common 
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in the sandstones, but biotite may be more common. The quartz is vari- 
able in amount. Basaltic and green hornblende, plagioclase (frequently 
zoned), augite, and hypersthene are ubiquitous. Small zircon and apa- 
tite crystals are common accessories in all the sandstones. As a rule, the 
lithic voleanic fragments include only the groundmass of the lavas and 
these are usually hyalopilitic, the glass ranging from clear colorless to 
black opaque. Pilotaxitic textures in these chips are rare. The lithic 
fragments decrease in amount in the finer-grained sandstones. 

A massive bed of tuffaceous sandstone 5 feet above the fossiliferous 
conglomerate is of some interest in that there are scattered coarse white 
grains, some of which are pumiceous, carrying sanidine crystals. The 
index of the glass is 1.500 + .003. Presumably these are rhyolitic pumice 
fragments. Other white grains have glass of higher index and carry crys- 
tals of andesine and brownish-green hornblende. Apparently these are 
andesitic pumice grains. 

The silty shales interbedded with the tuffaceous sandstones contain 
abundant clay admixed with quartz, orthoclase, and biotite. Crystals of 
definite voleanic source such as basaltic hornblende are scarce; however, 
sandstones overlying these shales may contain a large number of volcanic 
sand grains. 

The youngest beds exposed—the silty spheroidal shales—consist largely 
of clay with an index of refraction of about 1.560 + .005, suggesting 
kaolinite-anauxite. No montmorillonite was recognized although a few 
colorless glass shards were noted. Of the coarser grains, quartz is most 
common, followed in decreasing amounts by biotite, orthoclase, plagio- 
clase, and green hornblende. A sample of interbedded sandy material was 
washed free of clay, and the sand concentrate contained the above min- 
erals in the same proportions. In addition, small amounts of basaltic 
hornblende, sphene, and garnet were noted. The biotite varies from deep 
brown to green. With the exception of the rare basaltic hornblende, the 
remainder of the minerals could have a non-voleanic source, and the 
increased ratio of quartz, orthoclase, and biotite compared with the 
underlying tuffaceous sandstones indicates that non-volcanic sediment 
from the basement complex was becoming increasingly important during 
the accumulation of the younger beds. 


SECTION ALONG THE MARYSVILLE-SMARTSVILLE ROAD 
GENERAL STATEMENT 
Several miles to the north of the type section of the Wheatland forma- 
tion, an erosional remnant of andesitic clastic rocks rests in part upon 
the basement complex of the Sierra Nevada, and in part is present above 
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the Ione formation (Middle Eocene) (Fig. 2). These or related rocks 
may be a source of the andesitic material in the Wheatland formation, 
and there is some evidence in support of the suggestion that these ande- 
sites are of Eocene age. For that reason, they have been designated the 
Reeds Creek andesitic rocks, in order to differentiate them from later 
(Upper Miocene, Lower Pliocene) andesitic rocks of the superjacent 
series. 

Roadeuts along the Marysville-Smartsville road reveal the following 


section: 


Feet 
Pleistocene gravels 
Disconformity 
Rhyolitic pumice tuff 5+ 
No exposures 
Cross-bedded yellow sand 4+ 
Diatomaceous tuffaceous clay 5 
Andesitic breccia 15 
Andesitic cobble gravel 12 
Grayish white sandy clay 5 
Gray and white massive clay 10 
Andesitic pebble and cobble gravel 1 
Red and white clay grading downward to brown and white 
quartz-anauxite sand 10 


Erosion surface 
Greenstone of the basement complex 


IONE FORMATION 


The clays and sands at the base of the section apparently belong to 
the Ione formation, as restricted by Allen (1929, p. 353). Pearly plates 
of anauxite are conspicuous in the basal sands, while the massive clays 
consist of microcrystalline aggregates with the index of refraction ranging 
from 1.560 to 1.568 + .003. In addition, washed samples of the clays 
yielded sand concentrates composed largely of quartz with small amounts 
of feldspar (both plagioclase and orthoclase), epidote, zircon, and brown 
tourmaline. This assemblage is also characteristic of the Ione clays 
(Allen, 1929, p. 375). 

The sandy clay beneath the thick layer of andesitic gravel is of interest 
in that numerous granules (3 to 5 mm.) of white biotite dacite porphyry 
are present in addition to the quartz, chert, and quartzite granules and 
sand grains. All are incased in clay with an index of refraction of 1.565 
+ .005, indicating anauxite-kaolinite. . 


REEDS CREEK ANDESITIC ROCKS 


The following description is typical for the several varieties of andesite 
present in the lower thin layer of voleanic gravel: 


= 
at 


SECTION ALONG THE MARYSVILLE-SMARTSVILLE ROAD 939 


a) PYRoOXENE ANDESITE: Conspicuous zoned labradorite phenocrysts 
are associated with smaller crystals of augite and hypersthene. Horn- 
blende phenocrysts are completely pseudomorphed by granules of mag- 
netite. The groundmass is a cryptocrystalline felt of feldspar microlites 
dusted with tiny magnetite cubes. 

b) HoRNBLENDE-AUGITE ANDESITE: This is composed of numerous small 
zoned phenocrysts of acid labradorite with a few large green hornblende 
phenocrysts rimmed with granular magnetite, and a few small augite 
crystals. The groundmass is hyalopilitic with scattered coarse magnetite 
cubes. 

c) HorRNBLENDE ANDESITE: Phenocrysts of zoned labradorite and ba- 
saltic hornblende are imbedded in a feldspathic hyalopilitic groundmass. 
The hornblende is always rimmed or pseudomorphed by magnetite. 

The cobbles and blocks of the overlying volcanic gravel and breccia 
are biotite-hornblende andesites; no pyroxene andesites were found. The 
most common type is light gray; reddish varieties are subordinate. There 
are some slight variations, but the following descriptions are typical: 

a) GRAY BIOTITE-HORNBLENDE ANDESITE: Numerous phenocrysts of 
zoned labradorite and brownish-green hornblende and a few of reddish- 
brown biotite are imbedded in a light hyalopilitic groundmass. The 
femic phenocrysts have faint margins of magnetite. Accessory apatite 
and magnetite appear in the groundmass, the latter in a few large 
crystals. 

b). PINK BIOTITE-HORNBLENDE ANDESITE: Similar to the pyroxene ande- 
site, except that the hornblende is of the basaltic variety, deep reddish- 
brown with low extinction angles, and the biotite is more abundant. The 
groundmass is more cryptocrystalline with disseminated reddish iron 
oxide. In other specimens, augite was also noted. 

The matrix of the breccia is composed of broken crystals of plagioclase, 
both brownish-green and reddish-brown basaltic hornblende, biotite, and 
apatite, and small lithic fragments of andesite, the latter largely chips 
of groundmass with varying textures. These coarser fragments are im- 
bedded in clay of low index, probably montmorillonite. 


RHYOLITIC TUFFS 


The clay above the andesitic breccia is entirely different from the Ione 
clays below. In addition to containing numerous tests of diatoms, the 
clay is variable as shown by the indices of refraction; a few aggregates 
have an index above 1.560, some between 1.550 and 1.560, but much of 
the clay has an index below 1.540. Also, sanidine and glass shards may 
be found with quartz, biotite, and plagioclase. These features indicate 
a similarity to the “clay rock” described by Allen (1929, p. 415) as being 
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disconformable upon the underlying Ione formation and derived from 
rhyolitic tuffs. The indices of refraction of the clays indicate that it is 
probably composed of several minerals such as montmorillonite, potash- 
bearing montmorillonite, and anauxite-kaolinite. Montmorillonite would 
be a further suggestion of a partial volcanic source. 

The clay grades upward into cross-bedded and channeled yellow sands 
consisting of quartz, plagioclase, orthoclase, sanidine, and green and ba- 
saltic hornblende. The latter indicates that there may have been the 
addition of andesitic material, absent in the underlying clay. 

The rhyolitic pumice tuff is exposed in a roadcut, a mile west of the 
diatomaceous tuffaceous clay (Fig. 2); the Pleistocene gravels have 
masked the section in the intervening areas. The white pumice fragments 
of coarse ash to small lapilli stand out against a brown interstitial stain 
of iron oxide. The index of refraction of the unaltered glass of the pumice 
is 1.495 + .003, indicating rhyolitic composition. The rhyolitic pumice 
tuff is probably younger than the andesites, for all the beds dip gently 
southwest, placing the tuff stratigraphically above the andesites. 

Other exposures of the rhyolitic tuff northward towards Oroville have 
been noted by Lindgren (1911, p. 26-27), who also reported its relation- 
ship as being stratigraphically above the andesites. In order to distin- 
guish these tuffs from the rhyolitic tuffs of the superjacent series older 
than the andesites, he gave them the term “tuffs of Oroville” and sug- 
gested that they did not have a Sierran source but came from the Marys- 
ville Buttes, about 25 miles west of the tuff areas. However, Williams 
in his study of the Marysville Buttes (1929, p. 109, 139) has shown the 
improbability of a western source, as the silicic volcanic rocks of the 
Marysville Buttes are intrusive and did not contribute juvenile pyro- 
clastic material to the neighboring basins of deposition. It is more prob- 
able that the Oroville tuffs had an eastern source and correspond to the 
rhyolitic tuffs of the superjacent series. 


AGE OF THE VOLCANIC ROCKS 


Owing to the absence of fossils, the age of the Reeds Creek andesitic 
conglomerates and breccias cannot be determined accurately. However, 
it has been shown that these rocks are intercalated in or lie above the 
Ione formation, as restricted by Allen, and the Ione formation has been 
determined as Middle Eocene (Allen, 1929, p. 366), corresponding to the 
Capay stage (Clark and Vokes, 1936, p. 856). 

Comparison of the Reeds Creek andesitic rocks with the volcanic de- 
tritus in the Wheatland formation shows that pyroxene and pyroxene- 
hornblende andesites are common in the Wheatland formation, and the 
intercalated andesitic gravel in the Ione clays is of this character. The 
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upper breccia and conglomerate of the Reeds Creek andesites contain 
biotite-bearing andesites which are present in small amount in the Wheat- 
land formation. This indicates very strongly that the upper breccia is 
contemporaneous with or older than the Wheatland (Upper Eocene 
or Lower Oligocene), limiting its age to between Wheatland and Ione 
time. 

At present there is no universal agreement among geologists as to the 
age of the rhyolitic tuffs of the superjacent series except that they are 
post-Ione (Middle Eocene) and pre-andesitic (Upper Miocene or Lower 
Pliocene). Allen (1929, p. 718) has suggested that they may be Oligocene 
or Lower Miocene, and from the floral evidence reported by Knowlton 
(1911, p. 57-63) Allen favored the Lower Miocene age. 

As noted above, some sanidine and colorless glass of low index are found 
in the Wheatland formation, but this material is rare and the writers are 
reluctant to place much weight on these occurrences. It may be that 
some rhyolitic material was erupted in Wheatland time, but the evidence 
is too inconclusive to suggest that the rhyolitic tuffs as a whole are of 
this age. If the rhyolitic tuffs along the Marysville-Smartsville road 
are of pre-Wheatland or Wheatland age, more rhyolitic material might 
be expected in the Wheatland formation. 

In summary, it is suggested that the Reeds Creek andesitic rocks are 
of Ione (Middle Eocene) to possibly Wheatland (Upper Eocene or Lower 
Oligocene) age. The rhyolitic tuffs above the Reeds Creek andesites are 
related to the rhyolitic tuffs of the superjacent series and may range from 
Upper Eocene to Miocene in age. 


CORRELATION WITH OTHER SIERRAN ANDESITES 


It should be emphasized that all of the andesitic breccia and tuffs on 
the western flanks of the Sierra Nevada are not of Eocene age. Good 
evidence is available for the dating of much of the andesite as Upper 
Miocene or Lower Pliocene (Louderback, 1924, p. 19; 1933, p. 7-13; 
Merriam and Stock, 1933, p. 1-6), but the discovery of andesitic pebbles 
in the Wheatland formation has destroyed the universal designation of 
that age for all the andesites. It may be, however, that where the usual 
sequence consists of Ione formation or auriferous gravels (Eocene), rhyo- 
litie tuffs (Upper Eocene, Oligocene, or Miocene), followed by andesitic 
breccias and tuffs, these andesites may with some confidence be related 
to the later Tertiary. In this regard it should be mentioned that at 
Lincoln (Fig. 1), 20 miles to the south-southeast of the Eocene andesites, 
the above sequence is found; rhyolitic tuffaceous clay underlies the 
andesite breccia. Except for the absence of diatoms this tuffaceous clay 
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is similar to the rocks overlying the andesite breccia on the Marysville- 
Smartsville road. The andesites at Lincoln should not be correlated with 
the andesites to the north, but should be considered as Upper Miocene 
or Lower Pliocene. 


SOURCE OF THE ANDESITIC ROCKS 


It has been assumed that the source of the volcanic débris in the 
Wheatland formation was in the Sierra Nevada, the vents either covered 
with later deposits or modified by erosion. This assumption is largely 
based on the fact that definite evidence indicates that the rhyolitic tuffs 
and later andesites had their source to the east in the high portions of 
the present Sierra Nevada (Allen, 1929, p. 417; Louderback, 1924, p. 17). 
It is reasonable to suppose that the earlier lavas had the same general 
source since, around the Marysville Buttes, sedimentary rocks have been 
elevated from the floor of the Sacramento Valley, and volcanic detritus 
is rare in the Eocene sediments (Williams, 1929, p. 126-129). 

It should be noted that the present exposures of the Reeds Creek ande- 
sites were not the source for the Wheatland formation, for the latter 
would then contain larger amounts of the biotite-bearing andesite. Lavas 
and volcanoes to the east, which supplied the Reeds Creek andesites, are 
a more likely source, and stream distribution was probably such that the 
pyroxene-hornblende andesites were more available for transportation to 
the Wheatland embayment. 

These volcanoes probably were not extensive or large; otherwise it is 
difficult to explain the enrichment of non-voleanic sediment in the upper 
portion of the Wheatland formation. These volcanoes may have been 
very local forerunners of the larger and more extensive andesitic volca- 
noes which deluged the Sierra Nevada with andesitic débris in the later 
Tertiary. 


STRATIGRAPHIC POSITION OF WHEATLAND FORMATION 
PACIFIC COAST SECTION 


The following is a list of the molluscan species found in the Wheatland 
formation. Of the fourteen determinable ones, seven are new. 

Pelecypoda: Corbicula sp., Gari sp., Pachydesma inezana Conrad, 
Pitar clarki Dickerson, Pitar crooki, n. sp., Mactra packardi (Dickerson), 
Ostrea n. sp.?; Gastropoda: Bullia clarki Wagner and Schilling subsp. 
wheatlandensis, n. subsp., Elimia sacramentensis, n. sp., Molopophorus 
bramkampi, n. sp., Molopophorus cf. stephensoni Dickerson, Polinices 
aff. recluzianus (Deshayes) , Polinices washingtonensis (Weaver), Prisco- 
fusus chehalisensis (Weaver) subsp. weaveri, n. subsp., Siphonalia bica- 
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rinata Dickerson subsp. wheatlandensis, n. subsp., Thiara smartsvillensis, 
n. sp., Thiara ? wheatlandensis, n. sp., Turritella variata Conrad, Turri- 
tella wheatlandensis, n. sp. 

The most distinctive species in this small fauna is Turritella variata 
Conrad, the type of which comes from the Gaviota formation (Effinger, 
1936, p. 351) of the Santa Ynez Mountains. This species, as the name 
implies, shows considerable variation. The specimen shown in Figure 1 
of Plate 3 is identical with one of the most common variants found in 
the lower portion of the Gaviota formation and agrees very closely with 
Conrad’s type of the species. The specimens represented by Figures 2 
and 7 of Plate 3 are equivalent to the common variants of Turritella 
lorenzana Wagner and Schilling, which grades into Turritella variata 
Conrad as found in the Gaviota and Wheatland formations; for that 
reason the former species is here considered as a variety of the latter. 
If future work should show that no specimens referable to the typical 
variant of Turritella variata occur in the upper portion of the San 
Emigdio formation (Wagner and Schilling, 1923, p. 235-276), exposed 
near the southern end of the San Joaquin Valley, from which formation 
the type of Turritella lorenzana Wagner and Schilling comes, then the 
latter species should be considered as a subspecies. The San Emigdio 
formation is the equivalent of the San Lorenzo formation. 

Bullia (Buccinanops) clarki Wagner and Schilling subsp. wheatlan- 
densis, n. subsp., is so close in its characters to Bullia clarki Wagner and 
Schilling from the San Emigdio formation that it has been included as a 
subspecies of that form. 

Mactra packardi (Dickerson) is the most common species in the 
Wheatland formation. The type of the species came from the Gries 
Ranch beds of southwestern Washington. It is found also in the San 
Emigdio formation. 

Pachydesma inezana Conrad is another species whose type comes from 
the Gaviota formation. This species, however, is also reported from the 
Vaqueros formation, Lower Miocene. 

Polinices washingtonensis (Weaver) was described from the Lincoln 
formation in beds higher than the Gries Ranch beds, which are consid- 
ered by Weaver as the lower portion of the Lincoln formation. 

As to the position of the Wheatland formation in the Pacific Coast 
section, the evidence appears to show that it is very close to that of the 
lower portion of the Gaviota formation. This conclusion is based chiefly 
upon the presence in the former of the typical variants of Turritella va- 
riata. There are several elements in the fauna of the Wheatland forma- 
tion which show its fairly close relationship to the San Emigdio forma- 
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tion—e.g., Turritella variata Conrad var. lorenzana Wagner and Schilling, 
Bullia clarki Wagner and Schilling subsp. wheatlandensis, n. subsp., and 
The fact that the typical variants of 


Mactra packardi (Dickerson). 


Tastz 1—A tentative correlation of Eocene and Oligocene, west coast sections 


Stages of Probable 
Period general ben gy Western Western cma Gulf Coast, 
California gill Oregon Washington United States 
California equivalents 
section equivalents 
Lower Vaqueros Aquitanian Alum Bluff 
Miocene group 
Upper | San Ramon= Blakeley Blakeley Chattian 
Upper San 
Lorenzo 
= Lower | Lincoln= Pittsburg Lincoln Rupelian Vicksburg 
Lower San Bluffs beds, Sannoisian 
Lorenzo Eugene 
Upper | Gaviota Wheatland Keasy= Gries Ludian Jackson 
Bassendorf Ranch 
shales beds 
Tejon Coaledo Cowlitz—= Bartonian Upper 
Port Crescent} Auversian Claiborne 
beds 
Middie| ‘Transition’ 
8 
ic Domengine Reeds Creek | Tyee Lutetian—= Middle 
andesites Bruxellian Claiborne 
Capay Tone Umpqua Ypresian Lower 
Claiborne 
Lower | Meganos Sparnacian Wilcox 
Paleocene | Martinez Montian Midway 


Turritella variata have not been found in the San Emigdio and that spec- 
imens of Bullia clarki wheatlandensis, n. subsp., are not identical with 
Bullia clarki Wagner and Schilling in the San Emigdio formation, to- 
gether with the fact that these species in the San Emigdio are found near 
the top of the formation, makes it seem probable that the fauna from the 
latter beds belongs to a higher zone than that of the Wheatland forma- 
tion. Two other species that may prove to be good zonal markers are 
Siphonalia bicarinata Dickerson subsp. wheatlandensis, n. subsp., and 
Molopophorus cf. stephensoni Dickerson. Certain variants of the first 
species are indistinguishable from variants typical of Siphonalia packi 
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(Dickerson) * from the Gries Ranch beds. The specimen of Molopo- 
phorus from the Wheatland formation, figured as M. cf. stephensoni, is 
very close to typical variants of Molopophorus stephensoni, described 
from the Gries Ranch beds. From this type of evidence all that we can 
say is that the Gries Ranch beds are close in age to the Wheatland 
formation. 

GEOLOGIC TIME SCALE 

There is very little direct evidence in the fauna of the Wheatland 
formation to indicate whether it belongs to the Lower Oligocene or Upper 
Eocene. There is still considerable doubt as to where the line of division 
comes between the marine Eocene and the marine Oligocene on the West 
Coast. The Gries Ranch beds and the San Emigdio formation have 
generally been referred to the Lower Oligocene. 

Some evidence indicates that at least the lower portion of the Gaviota 
formation is Upper Eocene in age. If the correlation of these deposits 
with the Wheatland formation is correct, it must also be of the same age. 
There are two things that point to the Upper Eocene age of the Gaviota 
formation: (1) A common species in these beds is Venericardia hornit 
(Gabb). The type of this species came from the type section of the 
Tejon formation. The Gaviota formation appears to grade down into 
beds equivalent to the Tejon.. Venericardia hornii (Gabb) belongs to the 
Venericardia planicosta group which is so distinctive of the Eocene all 
over the world. (2) According to Hubert Schenck,? the small Foraminif- 
era from the lower portion of the Gaviota formation contain a number 
of species characteristic of the Jackson formation—the marine Upper 
Eocene of the Gulf States. On that basis he refers the lower Gaviota 
beds to the Upper Eocene. 

In the light of the above evidence, it seems probable that the Wheat- 
land formation is Upper Eocene in age rather than Lower Oligocene. 


CONCLUSION 


The Wheatland formation is of Upper Eocene or Lower Oligocene age. 
The Reeds Creek andesitic rocks, exposed several miles to the north of 
the Wheatland formation, were derived from early Tertiary volcanoes 
located in the region of the present Sierra Nevada. These volcanoes 
were also the source of the andesitic detritus found in the Wheatland 
formation. 


1The writer considers that Siphonalia packi (Dickerson) is a subspecies of Siph 
Dickerson. 
2 Oral communication. 
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PALEONTOLOGY 
DESCRIPTION OF SPECIES 
Phylum MOLLUSCA 
Class LAMELLIBRANCHIATA 
Family OstTremar 
Genus Ostrea Linné, 1758 
Type (by subsequent designation, Children, 1823), 
Ostrea edulus Linné. Recent, seas of Europe. 
Ostrea, n. sp.? 
(Plate 1, figures 1 and 9; plate 2, figure 5) 

Three imperfect specimens of a large thick oyster were found at loc. A1889. The 
shell of the lower valve, hypotype 1122018 (pl. 2, fig. 5), has a thickness near the 
muscle scar of over half an inch; on this the ligamental area is not preserved, but 
on another imperfect specimen it is rather broad and not strongly concave. The 
beak is nearly central and overhanging, slightly twisted to the posterior; the muscle 
scar comes to a narrow acute angle on the posterior side and is broadly rounded on 
the anterior. Hypotype 11115 (pl. 1, figs. 1 and 9) is the right valve of the same 
individual as hypotype 11220. On this the ligamental area is almost at right angles 
to the main surface of the shell, which shows no evidence of radial sculpturing. 


Family SpHAERIIDAE 
Genus Corbicula Megerle von Miihlfeld, 1811 
Type (by subsequent designation, Gray, 1847), 
Corbicula fluminales Megerle 
Corbicula sp. ? 
Several imperfect specimens of a fairly heavy species of Corbicula were found at 
loc. A1889. None of these is more than generically determinable. 
Family VENERIDAE 
Genus Pitar Romer, 1857 
Subgenus Lamelliconcha Dall, 1902 
Genotype, Cytheria concinna Sowerby. Recent, Panama. 
Pitar (Lamelliconcha) crooki, u. sp. 
(Plate 1, figures 2-5) 


Shell with moderately prominent prosogyrous beaks; lunule narrow, depressed, 
lanceolate; surface sculptured by a series of narrow but somewhat irregularly spaced 
concentric lamellae; depressed posterior dorsal margin very narrow. The area of 
greatest convexity of the valve is just below and anterior to the beaks; posterior 
to that the surface of the shell is flattened considerably. Right valve with a long, 
posterior grooved cardinal; a fairly long, deep pit for the lateral tooth of the left 
valve; the outer side of this pit is formed by the edge of the shell. The long, narrow 
posterior cardinal of the left valve is attached to the hinge plate; the short middle 


38 All specimen and locality numbers refer to the Museum of Paleontology, University of California, 
Invertebrate Collections, unless otherwise indicated. 
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FOSSILS FROM THE WHEATLAND FORMATION 

(1, 9) Ostrea n. sp. ? ; Hypotype 11115. (2-5) Pitar crooki, n. sp.; (2, 3) Paratype 11219; (4, 5) Holo- 
type 11217. (6-8) Pachydesma inezana Conrad; Hypotypes; (6) 11201; (7) 11164; (8) 11162. All 
natural size. Numbers refer to invertebrate collection, museum of Paleontology, University of 
California. 
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FOSSILS FROM THE WHEATLAND FORMATION 


(1-4) Pitar clarki Dickerson; Hypotypes; (1, 2) 11267; (3, 4) 11223. (5) Ostrea n. sp. ?; Hypotype 
11220. (6, 7) Mactra packardi (Dickerson); Hypotype 11265. All natural size. 
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cardinal is moderately heavy and wedge-shaped, anterior lateral fairly long and 
narrow. Dimensions: holotype 11217, length about 30 mm., height about 25 mm. 
This is very different in outline from any of the described species on the West 
Coast. 
Pitar (Lamelliconcha) clarki Dickerson 
(Plate 2, figures 1-4) 
Pitaria clarki Dickerson, Calif. Acad. Sci., Pr., ser. 4, vol. 7, no. 6, p. 169, pl. 28, 


figs. 4a-c, 1917. 
Pitaria (Lamelliconcha) clarki Dickerson, Tecuanp, Univ. Calif. Publ. Geol., vol. 18, 


no. 10, p. 279, pl. 22, figs. 1-4, 1929 

Several well-preserved specimens of Pitar found in the collection from the Wheat- 
land formation come within the range of variation of Pitar clarki Dickerson, the type 
of which came from the Gries Ranch beds of southwestern Washington. The speci- 
mens figured by Dickerson and Tegland are somewhat longer than those from the 
Wheatland beds. However, other specimens were found at the type locality (loc. 
3607) which have the same proportions and match very well with the specimens from 
loc. A1889, Wheatland formation. 


Genus Pachydesma Conrad, 1856 
Genotype Pachydesma stultorum (Mawe) = Pachydesma crassatelloides Conrad 


Pachydesma inezana Conrad 
(Plate 1, figures 6-8) 
Pachydesma inezana Conran, Phil. Acad. Nat. Sci., vol. 8, p. 313, 1856; Pacific R. R. 
Rept., vol. 7, p. 193, ’pl. 5, figs. 2-4, 1857. 
Tivela inezana Conrad, “ARNOLD, U.S. Nat. Mus., Pr., vol. 34, pl. 34, fig. 5, 1908. 
Tivela (Pachydesma) inezana Conrad, WAGNER AND ScumLtina, Univ. Calif. Publ 
Geol., vol. 14, no. 6, p. 255, pl. 46, figs. 1-2, 1923. 

The type of this species came from the Gaviota formation (Upper Eocene or 
Lower Oligocene) of the Santa Ynez Mountains, where it was reported associated 
with Crassatella collina Conrad and Turritella variata Conrad. A study of 20 good 
specimens of P. inezana Conrad from the Gaviota formation shows considerable vari- 
ation as to the proportion of the height to the length and in the degree of depression 
of the posterior dorsal margin. The hinge is very similar to that of Pachydesma 
stultorum (Mawe) 1828, Linn. Syst. Conch., p. 37, 40, pl. 9, fig. 7, as Donaz stul- 
torum; Conrad, 1837, p. 253, pl. 19, fig. 17, as Cytherea (Trigonella) crassatelloides, 
the genotype, a recent species on the California coast; the latter can be distinguished 
from P. inezana Conrad by the lack of the rather strongly depressed posterior dorsal 
margin and the prominent concentric undulations. 

Two species of Pachydesma were described by Clark (1915) from the San Pablo 
group (Upper Miocene) of the Mount Diablo area: P. diabloensis (Clark, 1915, 
p. 462, pl. 54, figs. 5, 6; pl. 55, fig. 1, as Tivela diabloensis; P. diabloensis var. angu- 
lata, pl. 56, fig. 1) and P. gabbi (Clark, 1915, p. 464, pl. 55, fig. 2; pl. 56, figs. 3, 4). 
Pachydesma diabloensis (Clark) and the variety P. angulata (Clark) are very close 
in outline and hinge characters to specimens of P. inezana Conrad from the Gaviota 
formation; the paratype, however, of P. diabloensis (Clark, 1915, pl. 55, fig. 1) is rather 
different in outline from any of the specimens of P. inezana. The former species 
lacks the fairly prominent concentric undulations seen on the latter. P. gabbi 
(Clark) may be distinguished from P. inezana Conrad by the lack of a strongly 
depressed posterior dorsal margin and the fairly heavy concentric undulations; also 
on the former the heavy anterior lateral of the left valve does not line up with 
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the posterior dorsal margin as it does on P. tnezana; this latter character is also 
common to P. diabloensis (Clark). 


Family SANGUINOLARIIDAE 
Genus Gari Schumacher, 1817 


Type (by absolute tautonymy), Gari vulgaris Schumacher. 
Recent, East Indies, Philippines, Orient. 


Gari, sp 


Two imperfect specimens of a species of Gari are in the collection from loc. A1889. 
They appear to be distinct from any of the described species; the material, how- 
ever, is not sufficiently well preserved to warrant giving the species a name; in 
general outline, it resembles the Cowlitz species, G. columbiana (Weaver and Palmer, 
1922, pl. 10, fig. 18, as Psammobia columbiana). 


Family Macrripaz 
Genus Mactra Linnaeus, 1767 


Type (by subsequent designation, Gray, 1847), 
Mactra stultorum (Linnaeus). Recent, European seas. 


Subgenus Spisula Gray, 1839 


Type (by subsequent designation, Gray, 1874), 
Mactra solida (Linnaeus). Recent, seas of Europe. 


Mactra packardi (Dickerson) 
(Plate 2, figures 6 and 7) 
Spisula packardi Dickerson, Calif. Acad. Sci., Pr., 4th ser., vol. 7, no. 6, p. 169, 
pl. 28, figs. 5a, 5b, 1917. 


Spisula packardi Dickerson, WAGNER AND Scuitiine, Univ. Calif. Publ. Geol., vol. 14, 
no. 6, p. 243, 244, 1923. 


The type of this species comes from the Gries Ranch beds of southwestern Wash- 
ington. The species heretofore had been reporied from only one other general 
locality, the San Emigdio formation at the south end of the San Joaquin Valley. 
The specimens from the Wheatland formation are very well preserved and fall 
within the range of variation of the species at its type locality. 


Class GASTROPODA 
Family TURRITELLIDAR 
Genus Turritella Lamarck, 1799 “ 


Type (by monotypy), Turritella terebra (Linnaeus). Recent, 
western Pacific. 


Turritella variata Conrad 
(Plate 3, figures 1, 2, 6, and 7) 


Turritella variata Conrad, Pacific R. R. Rept., = 7, p. 195, pl. 8, fig. 5, 1857. 

Turritella uwvasana Conrad, ARNOLD, Smiths. Misc. Coll., vol. 50, pl. 50, fig. 6; 
pl. 51, fig. 7, 1908. 

Turritella lompocensis Arnotp, Smiths. Misc. Coll., vol. 50, p. 426, pl. 51, figs. 5a, 
5b, and 8, 1908. 

Turritella lorenzana WAGNER AND Scuitu1na, Univ. Calif. Publ. Geol., vol. 14, no. 6, 

p. 257, pl. 50, fig. 11, 1923. 

Turritella variata Conrad, Woy, San Diego Soc. Nat. Hist., Tr., vol. 5, no. 10, 
fig. 5 (a reprint of Conrad’s original figure); not fig. 8 which is a variant 
of T. inezana Conrad, 1928 
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FOSSILS FROM THE WHEATLAND FORMATION 


(1, 2, 6, 7) Turritella variata Conrad; Hypotypes; (1) 11058; (2) 11024; (6) 11033; (7) 11012. (3, 4) 
Elimia sacramentensis, n. sp.; (3) Holotype 11073, x 2; (4) Paratype 11074, x 2. (5, 8, 11, 12) 
Thiara smartsvillensis, n. sp.; (5) Paratype 11075, x 2; (8) Paratype 11076, x 2; (11, 12) Holotype 
11060, x 2. (9) Thiara (?) wheatlandensis, n. sp.; Holotype 11085, x 2. (10, 18) Turritella wheat- 
landensis, n. sp.; (10) Paretype 11049; (18) Holotype 11059. (13, 14) Priscofusus chehalisensis 
(Weaver) subsp. weaveri, n. snbsp.; Holotype 11105. (15) Molopophorus cf. stephensoni Dickerson; 
Hypotype 11270, x 2. (16, 17) Polinices washingtonensis (Weaver); Hypotype 11104. Natural size 
unless otherwise indicated. 
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FOSSILS FROM THE WHEATLAND FORMATION 


(1, 2, 4-6) Siphonalia bicarinata Dickerson subsp. wheatlandensis, n. subsp.; (1, 2) Paratype 11271; 
(4) Paratype 11297; (5, 6) Holotype 30421. (3, 7, 8) Molopophorus bramkampi, n. sp.; (3) Paratype 
11290; (7, 8) Holotype 11298. (9-12) Bullia clarki Wagner and Schilling subsp. wheatlandensis, n. 
subsp.; (9, 10) Holotype 11299; (11, 12) Paratype 11300. All x 2 natural size. 
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Turritella variata Conrad, as is indicated by the name, varies considerably and 
has been confused with a number of other species. Unfortunately, Conrad’s type 
is a poor drawing and his description is very meager. Merriam, who has studied 
the type in the collection of the United States National Museum, found that it 
represents the species which is so common in the Gaviota formation of the Santa 
Ynez Mountains. The typical form of the species has five major ribs between the 
depressed sutural areas. On the whorls of the spire an interspace wider than the 
others separates the lower three of these ribs from the upper two. Usually a sixth 
rib is visible on the whorls of the spire in the depression just above the suture. On 
the body whorl this rib is separated from those posterior to it by a wide, deep 
interspace. The rounded base anterior to that is covered by five other fairly heavy 
spiral ribs. 

One of the variants of the species was figured by Arnold as T'urritella lompocensis. 
Merriam places this form as a subspecies under 7’. variata Conrad. This subspecies 
does not have so deeply depressed sutures, and the spirals are not so heavy as on 
the typical form with which it is found. 

Specimens referable to Turritella lorenzana Wagner and Schilling are found in 
the Wheatland formation (pl. 3, figs. 2 and 7); here they grade into typical variants 
of 7’. variata Conrad. Merriam found the same to be true of material from the 
Gaviota formation; for that reason, the former species is here placed as a variety 
of the latter. 

Turritella wheatlandensis, n. sp. 
(Plate 3, figures 10 and 18) 


Shell large, heavy; sutures linear, the greatest convexity of the whorls being 
anterior to the middle; posterior to this the surface slopes inward, giving the upper 
portion an appressed appearance; on the whorls of the spire there are four spiral ribs, 
the anterior two of which are the heaviest; a fairly broad depressed area between 
the suture and the anterior of the two heavy ribs; five spiral ribs on the sides of 
the body whorl, the lower one of which forms the angulation between the sides and 
the base; four spiral ribs on the base. Aperture subcircular; inner lip covered with 
a fairly heavy callus. Dimensions: holotype (broken) 11059, height about 59 mm., 
greatest width of body whorl 24 mm. 

Only two specimens of this species were found in the collection from the Wheat- 
land formation; it appears to be very distinct from the variants of Turritella variata 
Conrad with which it is found. There is no other species described on the West 
Coast with which it can be compared. 


Family PLevrocerIDAE 
Genus Elimia, H. and A. Adams, 1854 
(Genotype set by Stewart, 1927 = Melania acutocarinata Lea). 


Elimia sacramentensis, n. sp. 
(Plate 3, figures 3 and 4) 


Shell turrited (apical whorls broken on all specimens at hand); sutures linear and 
rather strongly crenulated; outline of whorls only very slightly convex; surface 
covered by a series of closely crowded spiral riblets which are not well preserved on 
the holotype, except on the base of the rounded body whorl where there are eight 
fairly heavy spiral riblets; as seen on the paratype, there are eight spiral riblets on 
the penultimate whorl; aperture elongate ovate; outer lip thin, inner lip without 
a callus. Dimensions: holotype 11073, height (early whorls lacking) about 14.7 mm., 


4 
4 


950 CLARK AND ANDERSON—WHEATLAND FORMATION 


height of body whorl, 11.0 mm., greatest width of body whorl, about 75 mm.; 
height of paratype 11074 (apex and anterior end broken), about 12.8 mm. 
Only two specimens referable to this species were found in the collection from 
the Wheatland formation. 
Family 


Genus Thiara (Bolten) Roeding, 1798 = Melania Lamarck. 
Genotype (by subsequent designation), Melania holandri Feruss. 


Thiara smartsvillensis, n. sp. 
. (Plate 3, figures 5, 8, 11, and 12) 


Shell turrited; apex broken; sutures linear to slightly depressed; surface sculp- 
tured by a series of spiral riblets which average about the same width as the inter- 
spaces; thirteen riblets present on the body-whorl, those on the anterior being 
somewhat heavier than those on the middle and posterior portions; ten riblets on 
the whorls of the spire, the posterior three or four of which are beaded, the beading 
being somewhat coarser on the third riblet anterior to the suture. Aperture ovate; 
outer lip broken; inner lip covered by a fairly heavy callus. Dimensions: height 
of holotype 11060 (apex broken) 16.5 mm., greatest width of body-whorl about 
7 mm.; height of paratype 11076 (apex broken) 24.6 mm.; height of paratype 11075, 
about 18 mm. 

Only three specimens of this species were found in the Wheatland formation. 
The above description was based upon the holotype; the ribbing of the two para- 
types is not well preserved. The beaded sculpturing on the posterior portion of the 
whorls with the coarser beading on one of the riblets a little anterior to the suture 
would seem to place this species with what Clark, in another paper, has called 
the Thiara fettkei group (Weaver, 1912, p. 36, pl. 2, figs. 23, 24, as Potamides fettkei). 
All the spiral riblets on the latter species are beaded, and on the fourth row of spiral 
riblets there is a series of fairly large flattened nodes. On T. (?) wheatlandensis, 
n. sp. this row of nodes has become almost obsolete. Clark, in a paper to be 
published in the near future, has described two new species from the Markley 
formation on the west side of the Sacramento Valley. These belong to the same 
group, as shown by the general pattern of sculpturing. It seems probable that in 
these four species we have an evolutionary series, the Markley species being the 
oldest and the Wheatland species the youngest. 


Thiara (?) wheatlandensis, n. sp. 
(Plate 3, figure 9) 


Spire only a little more than half the height of the body whorl; apex broken, 
sutures impressed; surface of whorls gently convex; a faint suggestion of an angula- 
tion on the body whorl and penultimate whorl, a little below the suture. A portion 
of the surface is covered by spiral ribbing; on the base of the body whorl there are 
about eight fairly heavy spiral riblets with interspaces averaging about the same 
width; on the middle portion of the whorl the ribbing is almost obsolete; the spiral 
ribbing is not preserved on the penultimate whorl but is fairly well preserved on the 
posterior portion of the next whorl, where there are five closely spaced spiral riblets, 
although the anterior half of the whorl is smooth. This smooth area in front of 
the riblets appears to be a normal character. Aperture ovate; outer lip thin; inner 
lip covered by a thin wash of callus. Dimensions: holotype 11085, height 15.8 mm., 
height of body whorl 10.3 mm., greatest width of body whorl about 7.7 mm. Only 
one specimen of this species was found in the collection from loc. A1889. The deter- 
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mination of the species as belonging to the genus Thiara is questioned. The aper- 
ture would seem to place it with that group; however, the sculpturing and outline 
of the shell are very different from any described species of that genus on the West 
Coast. 

Family NAssaRmDAE 


Genus Bullia Gray, 1835 
Genotype, Buccinum laevissimum Gmelin 
Subgenus Buccinanops d’Orbigny, 1841 
Genotype, Buccinum cochlidium Kiener 


Bullia (Buccinanop:) clarki Wagner and Schilling subsp. wheatlandensis, n. subsp. 
(Plate 4, figures 9-12) 


Shell heavy with a moderately high, acute spire; sutures channeled and subtabu- 
late; surface sculptured by a series of fairly heavy spiral ribs which are not well 
preserved on the body whorl of the holotype, except toward the anterior end, where 
the interspaces between the ribs are about twice their width; on the anterior whorl 
of the spire there are four major spiral ribs with finer riblets in the interspaces. 
Aperture elongate-ovate; outer lip thin; inner lip smooth, covered by a fairly heavy 
callus; canal short with a moderately well developed carina extending from the 
posterior edge of the siphonal notch to the inner lip, where it is covered by the 
callus. Dimensions: holotype, 11299, height 28.7 mm., height of aperture 20.5 mm., 
greatest width of body whorl about 17 mm.; paratype (anterior end broken) 11300, 
height about 22 mm. The above description is based on the holotype. 

The paratype, the anterior end of which is broken, shows more details of the 
spiral ribbing, which covers the entire body whorl, on which the two ribs next to 
the suture are beaded. This was also apparently true of the major spiral ribbing on 
the whorls of the spire. Another character shown on this specimen but not on the 
holotype is a moderately strong varix on the outer lip. 

B. clarki Wagner and Schilling subsp. wheatlandensis, n. subsp., in its outline and 
sculpturing, is so close to B. clarki Wagner and Schilling (1923, p. 259, pl. 50, figs. 
2-5), that it is here described as a subspecies of the latter. 

B. clarki may be distinguished from the Wheatland form in that the body whorl 
has a somewhat different outline and the suture is more strongly tabulate. The 
spiral ribbing of the latter is more closely spaced. B. clarki was described from the 
San Emigdio formation, where it is associated with Turritella lorenzana Wagner and 
Schilling, which grades into Turritella variata Conrad, a species distinctive of the 
Gaviota formation of the Santa Ynez Mountain section. 


Genus Molopophorus Gabb, 1867 
Genotype, Bulla striata Gabb. Eocene, California. 
Molopophorus bramkampi, n. sp. 

(Plate 4, figures 3, 7, 8) 

Shell fairly heavy, spire about one-third the height of the body whorl; sutures 
rather strongly impressed; surface of the posterior whorls of the spire sculptured by 
a series of fine, closely-spaced longitudinal ribs which are obsolete on the body 
whorl; body whorl smooth except for the somewhat heavy irregular lines of growth; 


on the anterior portion there are five moderately heavy spiral ribs, separated by 
interspaces which are somewhat wider than the width of the ribs. Aperture elongate- 
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ovate in outline, slightly grooved on the posterior angle; outer lip thin, inner lip 
smooth, covered with a thin wash of callus; anterior canal short with a rather deep 
notch, which is bounded posteriorly by a carina; carina extends obliquely to the 
callus by which it is covered; anterior to this there are two faint plications. Dimen- 
sions: holotype 11290, height 24.2 mm., height of aperture 15.4 mm., greatest width 
of body whorl about 12.3 mm.; paratype 11298, height 22.4 mm., height of aperture 
13 mm., greatest width of body whorl about 11.5 mm. 

The above description is based upon the holotype; this and the paratype are 
the only two specimens found in the Wheatland formation. The latter specimen 
is more robust than is the former; on it the longitudinal ribbing is not preserved 
on the whorls of the spire but is faintly shown on the body whorl, thus indicating 
that on better preserved specimens it covers the body whorl as well as the spire. 

M. bramkampi, n. sp. is close, in outline and sculpturing, to M. bretzi (Weaver, 
1912, p. 53, pl. 2, fig. 21, described as Ancillaria bretzi). The latter species is some- 
what more slender than the former and the sutural collar and columnellar plications 
are better developed than on the former. It is possible that more and better ma- 
terial will show that M. bramkampi, n. sp. is a subspecies of M. bretzi (Weaver). 


Molopophorus cf. stephensoni Dickerson 
(Plate 3, figure 13) 
Molopophorus stephensoni Dickerson, Calif. Acad. Sci., Pr., 4th ser., vol. 7, no. 6, 
p. 177, pl. 30, figs. 10a, 10b, 1917. 

Only one specimen of this species was found in the collection from loc. A1889. It 
agrees very closely with some of the adult specimens of Molopophorus stephensoni 
Dickerson from Gries Ranch, western Washington, the type locality of the species. 
Dickerson’s type is an immature specimen and gives a very imperfect concept of the 
species. The sutural collar on the body whorl of the specimens from Gries Ranch is 
somewhat more prominent than on the specimen from the Wheatland formation. 


Family 
Genus Siphonalia Adams, 1863 
Type, Siphonalia cassidariaeformis Reeve. Recent, Japan. 


Subgenus Austrofusus Kobelt, 1879 = Arthicola Iredale 
Type, Siphonalia alternata Philippi 


Siphonalia bicarinata Dickerson subsp. wheatlandensis, n. subsp. 
(Plate 4, figures 1, 2, 4-6) 


Shell with a fairly acute spire which is about one-third the height of the body 
whorl; sutures strongly appressed ; surface covered by a series of fine, closely-spaced, 
thread-like spiral riblets, there being a slight tendency for alternate riblets to be 
heavier, especially anteriorly on the body whorl; on the last whorl there are about 
29 riblets, and about 11 on the penultimate whorl; surface also sculptured by a series 
of fairly heavy, rounded, longitudinal ribs which, on the earlier whorls, extend from 
suture to suture. On the appressed areas of the three anterior whorls of the spire, 
these ribs are obsolete or nearly so. On the apertural view of the body whorl of the 
holotype, the ribs are fairly well developed anteriorly to a little more than half the 
length of the body whorl; on the opposite side, they are almost obsolete; there are 
nine of these ribs on the anterior whorl of the spire. Aperture elongate, sub-ovate, 
notched posteriorly next to the suture; outer lip thin; inner lip covered by a fairly 
heavy callus; canal short, slightly twisted with a nearly obsolete umbilical fasciole, 
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just posterior to which is a well-defined carina which reaches from the inner lip to 
the posterior end of the siphonal notch. Dimensions: holotype 30421, height 23 
mm., greatest thickness of body whorl about 13 mm., height of aperture, about 
13.7 mm.; paratype 11271, height 26 mm., height of aperture, about 15.4 mm., 
greatest width of body whorl, about 13.0 mm.; paratype 11297, height about 22.5 
mm., height of aperture about 140 mm., greatest width of body whorl about 
126 mm. 

The above description is based upon the holotype. As is shown by the figures, the 
species is variable, the holotype representing one of the most common of the 
variants. On some of the specimens, there is a fairly well-defined angulation on 
the body whorl, on which the longitudinal ribbing is developed into nodes above 
and below where the ribbing is obsolete. On other specimens, this ribbing is 
obsolete or nearly so on the body whorl where the angulation is entirely lacking. 
On one of the specimens, however (pl. 4, figs. 1 and 2), the angulation is not only 
well developed on the body whorl, but also on the anterior two whorls of the spire. 
It is noticeable that this variant is somewhat higher and more slender than most 
of the other specimens. It agrees very closely in outline and sculpturing with 
some of the variants of Siphonalia packi (Dickerson) (1917, p. 177, pl. 30, figs. 11a, 
1lb, described as Strepsidura packi), the type of which comes from the Gries 
Ranch beds on the Cowlitz River, southwestern Washington. The majority of the 
variants of S. packi show a closer relationship to S. bicarinata Dickerson (1915, 
p. 66, pl. 8, figs. la, 1b, 1c, 1d) from the Cowlitz formation, than to S. wheatlandensis, 
n. subsp. Some of the variants of S. packi (Dickerson) are very close to, if not 
identical with, variants of S. bicarinata Dickerson; on the other hand, certain vari- 
ants of S. wheatlandensis, n. subsp. are almost identical with some of the variants 
of S. packi. It is for these reasons that the writers consider S. wheatiandensis, 
n. subsp. and S. packi subspecies of S. bicarinata. 


Family TurritipaE 
Genus Priscofusus Conrad, 1865 


Type (by subsequent designation, Cossman, 1901) 
Fusus geniculus Conrad. Miocene, Oregon 


Priscofusus chehalisensis (Weaver) subsp. weaveri, n. subsp. 
(Plate 3, figures 13 and 14) 


Shell slender, fusiform in outline, apex broken; surface sculptured by a series of 
fairly coarse, spiral riblets with interspaces averaging about the width of the 
riblets; there are about 30 on the body whorl and about 13 on the penultimate 
whorl; surface also sculptured by a series of fairly heavy longitudinal ribs, which 
on the early whorls extend from suture to suture; on the body whorl and on a 
portion of the penultimate whorl, these become obsolete posteriorly and anteriorly 
and form elongate, fairly prominent rounded nodes; there are ten of these on the 
body whorl. Aperture elongate-ovate; outer lip thin; inner lip covered by a 
fairly heavy, smooth callus; canal moderately long, gently reflexed, with a some- 
what indistinct, imperforate umbilical fasciole. Dimensions: holotype 11105 (apex 
broken), about 54 mm., height of aperture, about 30 mm., greatest width of body 
whorl, about 23 mm. Named in honor of Dr. C. E. Weaver. 

This form resembles Priscofusus chehalisensis (Weaver, 1912, pl. 6, figs. 65, 66; 
pl. 14, fig. 125, described as Pleurotoma chehalisensis) from the Lincoln formation 
(Oligocene) of southwestern Washington so closely that it is here placed as a sub* 
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species of the latter. The former is less slender, its canal is somewhat shorter, and 
the surface is covered by fewer spiral riblets; on P. chehalisensis (Weaver) these 
are finer and there is a regular alternation of major and secondary riblets. There 
are about 40 major riblets on the body whorl of P. chehalisensis as compared to 30 
on P. chehalisensis (Weaver) subsp. weaveri, n. subsp. 

The genus Priscofusus appears to be indigenous to the northern Pacific. Prisco- 
fusus chehalisensis (Weaver) subsp. weavert, n. subsp. is the oldest species so far 
reported. No species of this genus has been recognized from the Upper Miocene, 
Pliocene, or Recent. 

Family Naticiwar 


Genus Polinices Montfort, 1810 


Type (by original designation), Polinices albus Montfort. 
Recent, West Indies. 


Polinices washingtonensis (Weaver) 
(Plate 3, figures 16 and 17) 
Natica washingtonensis Wnaver, Univ. Wash. Publ. Geol., vol. 1, no. 1, p. 44, pl. 5, 
figs. 73-76, 1916. 
Natica lincolnensis Weaver, Univ. Wash. Publ. Geol., vol. 1, no. 1, p. 44, pl. 5, 
figs. 71 and 72, 1916. 

This species was described from the Molopophorus lincolnensis zone of the Lincoln 
formation in southwestern Washington. Another species described by Weaver in the 
same paper from the same locality is “Natica lincolnensis Weaver” (see synonymy 
above). Large collections in the Museum of Paleontology of the University of Cali- 
fornia from the type locality show that the two forms grade. The form referred 
to “Natica washingtonensis” has the umbilicus closed by a fairly heavy callus; that 
referred to as “Natica lincolnensis” has an open umbilicus with a fairly heavy callus 
posterior to it. The species from the Wheatland beds is referable to this latter 
variant. It might be referred to as Polinices washingtonensis var. lincolnensis. The 
name “washingtonensis” is used as the species name because it has priority. 


Polinices (Neverita) aff. recluzianus (Deshayes) 


Shell smooth, broadly globose; sutures strongly appressed, with 2%4 whorls of the 
spire exposed; a broad umbilical depression separated from the main outer surface 
by a subangulation; the umbilicus covered by a heavy ungrooved callus. 

This species belongs to the Neverita reclusiana group; it occurs in the Wheatland 
formation and is also found in the Gries Ranch beds of southwestern Washington, 
from which locality it has been described by Effinger in a paper soon to be pub- 
lished. Therefore it is not named at this time. 
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INTRODUCTION 


The working hypothesis to be presented deals with the middle and 
southern portions of the Rocky Mountain region within the United States. 
In this area there are between fifteen and twenty somewhat distinct 
ranges, and if all local names were used the number would be still larger. 
These ranges may all be classed in the group of young, rugged mountains. 
Many of the crest-line peaks in the bolder mountain chains rise to eleva- 
tions over 14,000 feet. They are sharp and picturesque, and many of 
them have not as yet been climbed. 

For more than a century this mountain region has attracted explorers, 
mountain climbers, lovers of the primitive landscape, prospectors, and 
ranchmen. For fully half a century, scientists have frequented the area. 
Soon after the close of the Civil War, King, Hayden, Wheeler, and Powell 
organized and conducted important expeditions into portions of the area. 
The studies of these pioneer scientists have been exceedingly helpful to 
all who have subsequently worked in the Rocky Mountain region. 

As the decades have passed and the Geological Survey has grown in 
size and strength, one expedition after another has been sent into this 
portion of the national domain. Blackwelder, Davis, Lee, Alden, Lind- 
gren, Umpleby, Mather, Fryxell, and the writers of this paper have each 
contributed to the literature of the Rocky Mountains. We wish to ac- 
knowledge this aid and to recognize the great helpfulness of many others 
whose writings are incorporated in the bibliography. The senior author 
has spent at least 25 field seasons in these mountains. During the last 
decade the writers have worked together, visiting little-known areas and 
correlating the studies of different investigators. 

In formulating a general working hypothesis for the physical history 
of the Rocky Mountain region as a whole, one must recognize that each 
range has, in a sense, an individuality. The physiographic history of one 
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Numbers refer to canyons discussed in the text. (1) Big Horn; (2) Big Horn near Greybull; 
(3) Shoshone; (4) Wind River; (5) Snake; (6) Hoback; (7) Devil’s Gate on the Sweetwater; 
(8) North Platte near Alcova; (9) Laramie; (10) North Platte west of Medicine Bow Range; 
(11) Green; (12) Lodore; (13) Gunnison; (14) Royal Gorge of the Arkansas. Shaded portions repre- 


sent areas included in geologic maps (Figs. 2, 3, and 4). 
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is not exactly duplicated in another. The ranges differ so greatly in 
structure, in the nature of the rocks exposed, and in the amount and char- 
acter of uplifts that the investigator must approach each range with the 
expectation of finding individual peculiarities. Although such differences 
are present, the region, in a broad sense, is a physiographic unit and the 
great events which punctuate the physical history are expressed in one 
way or another in each of the ranges and in each of the basin-like areas 
among these ranges. In presenting this hypothesis many details are 
omitted. When the larger elements in the great physical history have 
been recognized, the details may be fitted into the picture in their appro- 
priate place. 

The working hypothesis evolved slowly as one range after another was 
studied. The idea of its widespread application, however, occurred sud- 
denly to the writers during the field season of 1936. Once formulated, 
it was made the subject of a definite program of tests at critical places, 
supported by visits to all areas not previously studied. 

The writers recognize an indebtedness to the men who accompanied 
them on pack-train expeditions and who made living and traveling con- 
ditions in the high mountains a great pleasure. To S. H. Knight and 
E. B. Branson, who extended the hospitality of their field camps, they 
are particularly grateful, as well as for the many courtesies received from 
the National Park Service and the Geological Survey. 


EARLY TERTIARY HISTORY 
MOUNTAIN GROWTH 


It is well established that the mountain structures which dominate 
throughout the Rocky Mountain region came into existence at the close 
of the Mesozoic and the beginning of the Cenozoic era—at the opening of 
Tertiary time. Stratigraphers may debate with some vehemence just 
when that movement began in different parts of the region, or just which 
beds are the youngest involved in the folding, but such refinements are 
not particularly essential at this point. It is sufficient to hold clearly 
in mind that at the opening of Tertiary time there was a remarkable 
physical revolution in the Rocky Mountain region. Huge anticlinal 
arches, great domes, and folds of anticlinal and synclinal nature were 
formed. There was also considerable faulting. At places, 30,000 feet of 
sediments were involved in the great orographic movements which char- 
acterized this period of mountain growth. 

In most of the ranges the sediments which formed the great arches and 
domes and once overlay the crest-line areas of today have been removed. 
The pre-Cambrian core rocks, consisting of granites, gneisses, schists, 
and various other igneous and metamorphic rocks, have been exposed 
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at many places. In the foothill belts bordering most of the ranges and 
in the basin or park-like areas of the mountain province, sediments are 
present. In some sections the Paleozoic and Mesozoic sediments that 
were involved in the early Tertiary folding are buried beneath younger 
formations. 

The period of uplift undoubtedly continued through many millions of 
years. As the mountain masses rose, thousands of earthquakes must 
have occurred. The movement may not have been a steady one. Per- 
haps it should be thought of as steady by jerks. Great faults in the 
province indicate that at places the rock formations were unable to bend 
and, therefore, broke under the terrific pressures. Elsewhere the sedi- 
mentary strata were tightly folded. 


EOCENE LANDSCAPE 


General statement——Weathering and stream erosion commenced as 
soon as land rose above the ancient sea in which the Mesozoic sediments 
were deposited. Destruction in the Rocky Mountain region began soon 
after the birth of the ranges, and as the uplifting continued the tearing 
down was also in progress. Erosion, however, did not keep pace with 
uplift, for in early Tertiary time there were magnificent mountain forms 
in this part of the continent. 


Glaciation—In these mountains of the Eocene period, alpine glaciers 
formed. The deposits of those glaciers have been found at several locali- 
ties, and the discovery of other Eocene glacial deposits should be antici- 
pated. They were first found in the vicinity of Ridgway, Colorado, and 
the glacial deposits of that age have been called the Ridgway tillite 
(Atwood, 1915). Later, other deposits of the same age were discovered 
in the vicinity of Gunnison, Colorado (Atwood and Atwood, 1926). 

An Eocene deposit, presumably of glacial origin, has been described 
in the great Tertiary escarpment east of Lander, Wyoming (Bauer, 
1934). It was at first so interpreted by Bauer, but later he lost faith 
in his earlier determination. The writers believe his first interpretation 
was correct. 

In 1932 and again in 1936, the writers visited the Alcova region of 
central Wyoming. Here, several heavy bouldery deposits believed to be 
Eocene till were examined. Although no satisfactory striae were found, 
the three outstanding characteristics of deposit left by ice—physical 
heterogeneity, lithological variety, and lack of assortment—are unmis- 
takably present. 

No one could expect the record of this early Tertiary period of glacia- 
tion to be found in many localities, but, if alpine glaciers existed in 
southern Colorado and in Wyoming, it is reasonable to believe that they 
were present also in many other portions of the Rocky Mountain region. 
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Careful examination should be made of every bouldery formation that 
is associated with the Eocene deposits, overlain by Oligocene or Miocene 
sediments, or so situated as to indicate that it was formerly buried be- 
neath sediments of Oligocene or Miocene age. 

Ralph Chaney (1936), in his recent studies of the march of the red- 
woods and other forest trees southward from the arctic region into the 
United States since early Tertiary time, has shown that there must have 
been a mild climate during the Eocene period, certainly a much milder 
climate than that of today in North America. This determination justi- 
fies the belief that in order to have glaciers form as far south as southern 
Colorado during the Eocene there must have been mountains 12,000 to 

- 15,000 feet high. It is safe to imagine a landscape with alpine glaciers 
as picturesque and as bold as any that have ever existed in the Rocky 
Mountains. 


Erosion surfaces——As the centuries passed, the mountain forms of early 
Tertiary time became more and more subdued. There is evidence that 
there was a long period when the work of streams predominated. In the 
San Juan region, below the mid-Tertiary volcanics there is an erosion 
surface which appears to have only slight relief. It has been referred 
to as a peneplain (Atwood and Mather, 1932). In the Front Ranges of 
Colorado, certain high, flat surfaces have been called remnants of an 
early Tertiary peneplain. These surfaces occur near the crest line of 
the mountains and are not very extensive (PI. 1, fig. 1). They belong 
to the Flattop Peneplain of Davis (1911) and Lee (1922). 

In the Absaroka Mountains, and extending eastward into the Bear- 
tooth Range, much of an early Tertiary erosion surface is buried be- 
neath mid-Tertiary volcanics. Here the surface has considerable relief 
and certainly should not be called a peneplain. The Granite Mountains, 
which appear today as a disconnected, partially resurrected range, indi- 
cate that there was a rough topography in the central portion of the 
Wyoming basin during early Tertiary time. The relief features due to 
Paleozoic and Mesozoic formations in the South Park area of Colorado 
indicate that the surface upon which mid-Tertiary sediments accumu- 
lated was rough rather than smooth. 


Aggradational surfaces.—While erosion was subduing the mountain 
forms, vast quantities of sediments were accumulating in the lower areas 
among the mountains. These areas may be thought of as basins, although 
they were not at all times completely closed. Some of the Eocene de- 
posits have been interpreted by geologists to be of lacustrine origin; others 
are certainly fluviatile. East of the Rocky Mountains, in the area of the 
Great Plains and bordering the Black Hills, which are an outlying range 
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Ficure 1. SUMMIT AREA IN THE SAN JUAN MOUNTAINS 
High peaks in the distance rise as monadnocks above the sub-summit peneplain visible at the right. 
The broad bench on which lakes appear is a remnant of an old valley which is correlated approxi- 
mately with the Cerro stage of glaciation in these mountains. The canyons represent work accom- 
plished during and since the Pleistocene period. (Photo by Cross, U.S. Geological Survey.) 


Ficure 2. CREST-LINE PEAKS IN THE Rocky Mountain Front RANGE 
The early Tertiary mature erosion surface, once present in this area, has been greatly modified by 
stream and ice action. The rugged crest-line peaks rise as monadnocks above the tree-covered Rocky 
Mountain Peneplain visible at the right. (Photo by T.S. Lovering.) 


SUMMITS OF THE SAN JUAN MOUNTAINS AND FRONT RANGE 
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of the Rocky Mountains, vast quantities of Eocene deposits accumulated. 
In the Wyoming basin the Eocene sediments are widespread and several 
thousand feet thick. 

By the close of Eocene the Rocky Mountain Province had passed 
through a period when the mountains were of great magnitude and had 
become a region of softened or subdued topography. There were 2,000 
to 3,000 feet of relief in many places, and the conspicuous features in 
the landscape rose as monadnocks. The monadnocks were yielding 
waste material to the streams as the processes of destruction went on, 
and the lowlands were being filled to greater and greater depths. It is 
impossible to assert that there was a widespread peneplain at that time. 
There were widespread areas of alluviation. 


RENEWAL OF MOUNTAIN GROWTH ACCOMPANIED BY VULCANISM 


Beginning somewhere near the close of the Eocene period, the Rocky 
Mountain region as a whole was subjected to another period of mountain 
growth. This was also a major event in the physical history of the region 
(Chamberlin, 1919). The movement was undoubtedly slow, and as 
stream erosion proceeded the uplift continued. The unloading of one 
area and the loading of another may well have been the cause of differ- 
ential movements. As the basins received sediments and became heavier, 
they sank, and the mountain areas that were losing material rose. The 
old structural lines were re-emphasized, and, in time, as erosion con- 
tinued, another generation of mountains came into existence. The arches, 
the great domes, and the fault blocks were lifted several thousand feet 
above the positions which they had held near the close of Eocene time. 

In addition to the re-emphasis of the folds and fault blocks, volcanic 
activity occurred at several places. In the San Juan region a huge vol- 
canic plateau was built up. Here the lavas, tuffs, and agglomerates 
accumulated to a thickness of at least 10,000 feet. These outpourings 
from volcanic centers or great fissure vents spread over the eastern por- 
tion of the range, burying completely the younger rock formations in 
that section. They spread northward over the entire area where the 
Black Canyon of the Gunnison has since been excavated. 

Still farther north, in the Crested Butte and Anthracite region and the 
area of the Grand Mesa, volcanoes were particularly active. In the 
Spanish Peaks region and in the Trinidad and Raton area there was a 
vast amount of vulcanism. Between North and Middle Parks in Colo- 
rado, in the region of the Rabbit Ears Range, there was another center 
of voleanic activity. Still farther north, in Yellowstone Park and in the 
Absaroka Range, was the most widespread and remarkable of all the 
mid-Tertiary volcanic records. 
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As the mountains grew and as vulcanism progressed, stream erosion 
continued in the uplifted areas and deposition went on in the basins and 
on the bordering plains and plateaus. 


DENUDATION OF THE MOUNTAINS AND FILLING OF THE BASINS 
BASIN FILLING 


The mid-Tertiary period of erosion and basin filling must be thought 
of as another significant chapter in the physical history of the Rocky 
Mountain Province. During this period, thousands of feet of sediment, 
brought from the mountains, accumulated in the neighboring lowlands 
and intermontane basins. They constitute today the mid-Tertiary sedi- 
ments of the Rocky Mountain area and the mantle which preserves the 
High Plains east of the mountains. Some have been interpreted as of 
lacustrine origin, but most of them are thought to be alluvial. The 
mantle of the High Plains was made by the blending of gigantic alluvial 
fans that extend hundreds of miles east from the base of the mountains. 
The mid-Tertiary sediments include deposits which have been variously 
classified as Oligocene, Miocene, and Pliocene in age. The cappings of 
the High Plains are the Ogalalla and the Arikaree formations of late 
Tertiary age, the so-called “mortar beds.” 


THE ROCKY MOUNTAIN PENEPLAIN 


The mid-Tertiary was a long period of denudation, when portions of 
the mountain ranges were reduced to slight relief and became parts of 
a remarkable peneplain. Remnants of that peneplain are now present 
in the Front Range of Colorado, the San Juan Mountains, the Sawatch 
and Mosquito ranges, the Green Ridge north of Rocky Mountain Na- 
tional Park, the Medicine Bow, Laramie, Wind River, Uinta, Big Horn, 
and Owl Creek ranges (PI. 1, fig. 2; Pl. 2, fig. 1; Pl. 3; Pl. 4). There 
are undoubtedly other remnants of this peneplain in the Rocky Moun- 
tains. At many places, pediments were formed about the margins of 
the ranges. They commonly carry a thin veneer of alluvial waste. On 
both the north and the south flanks of the Uinta Range, the Bishop 
conglomerate mantles the peneplain surface and the pediments. A simi- 
lar coarse conglomerate rests at places upon the San Juan Peneplain and 
extends for many miles beyond the foothills of that range. 

As these late Tertiary peneplain remnants are so widespread in this 
physiographic province, and as they are approximately of the same age, 
and as there is no other equally widespread peneplain recorded in the 
present landscape within this mountainous region, this surface should be 
called the Rocky Mountain Peneplain. 

Many who have studied the ranges of central Colorado have called 
remnants of this surface the Rocky Mountain Peneplain. A remnant 
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Ficure 1. Bow RANGE 
Broad level upland is part of the widespread Rocky Mountain Peneplain. The Snowy Range in the 
distance stands as a monadnock above this late Tertiary erosion surface. 


Ficure 2. Laramie RANGE 
Type locality of the Sherman Peneplain. This old erosion surface is interpreted as another remnant of 
the Rocky Mountain Peneplain. The ‘““Gangplank” traversed by the main highway and railroad 
appears in the foreground. View looking northwest. (Photo by T.S. Lovering.) 


Ficure 3. Winp River RANGE 
A portion of the sub-summit peneplain at the northern end of the Wind River Range, showing the 
beveling of upturned sediments (at the right) and the equally even surface of the pre-Cambrian 
complex (at the left). 


REMNANTS OF THE ROCKY MOUNTAIN PENEPLAIN 
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in southwestern Colorado was called the San Juan Peneplain. The terms 
Green Ridge Peneplain, Medicine Bow Peneplain, Sherman Peneplain, 
Wind River Peneplain, Gilbert Peak Surface, and many other local names 
have been applied in various sections. 

The Rocky Mountain Peneplain, as thus identified, is an important 
key to the interpretation of the history of each range where it is repre- 
sented. Its recognition is not based solely upon uniformity of level in 
the sub-summit areas. One finds the truncation of geologic structures 
and at some places gravels, representing the work of old-age streams 
that wandered about during the late stages in a cycle of erosion. At 
several places the peneplain remnants are partially mantled with Plio- 
cene sediments. 

Probably no two widely separated portions of a single peneplain are 
ever exactly the same age. As a peneplain is developing, the downstream 
portions of a drainage basin reach old age long before the middle portion 
of the basin reaches that stage and still longer before areas drained by 
the headwaters of that river system are reduced to old age. During a 
given cycle of erosion a peneplain may be present in one portion of a 
drainage basin, while the middle portion may be in maturity, and the 
headwater region in a youthful stage. Inasmuch as the peneplain rem- 
nants in the Rocky Mountain belong, as a rule, to distinct drainage sys- 
tems, and as some of these drainage lines extended to the Gulf of Mexico 
and others to the Pacific Ocean, and as some of the streams had much 
longer routes of travel than others to the ultimate base-leveling body of 
water, the work was never advancing at exactly the same rate in two 
mountain ranges. All that it is safe to say is that these surfaces are of 
about the same age. Their development in so many portions of the region 
is positive evidence that there was a long period of relative stability in 
the middle and southern portions of the Rocky Mountain Province during 
mid-Tertiary time—so long that the streams in many sections reduced 
their drainage basins to the peneplain stage. 


THE LATE TERTIARY LANDSCAPE 


Above the widespread Rocky Mountain Peneplain there remained 
several areas with bold and picturesque relief. The San Juan Mountains 
were not completely subdued. In the Needle Mountain area of that 
range, conspicuous monadnock forms rise above the sub-summit pene- 
plain. In Colorado, Pike’s Peak, Long’s Peak, Mt. Evans, and all the 
beautiful crest-line features in Rocky Mountain National Park were 
monadnocks (PI. 1, fig. 1; Pl. 2, fig. 2). In the Sawatch Range there 
were magnificent monadnock peaks. The crest-line features of the Wind 
River, Gore, Mosquito, Sangre de Cristo, and Big Horn ranges are all 
monadnocks of this age, and they continue to the present day to rise 
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above the great, widespread Rocky Mountain Peneplain. The Snowy 
Range in the midst of the Medicine Bow Mountain area rises distinctly 
above the peneplain surface (PI. 3, fig. 1). 

The alluviation, which was proceeding as the Rocky Mountain Pene- 
plain developed, resulted in the accumulation of sediments in the Wyom- 
ing Basin, South Park, North Park, the Big Horn Basin, the Uinta Basin, 
and east of the Rocky Mountains in the area of the Great Plains. Some 
mountainous areas were actually buried beneath these slowly accumu- 
lating sediments. Other mountain areas were partially buried. Thus, 
in the Wyoming Basin, in North Park, and in the Big Horn Basin, the 
complex mountain structures that are beginning to appear again today 
were completely masked by alluvial deposits before the close of the mid- 
Tertiary period of filling. Most of the Granite Range of central Wyom- 
ing was buried. The northwest end of the Wind River Range and prob- 
ably all of the Gros Ventre Range were mantled. Similar deposits must 
have covered parts of the Laramie and Medicine Bow ranges. During 
this same period, mid-Tertiary vuleanism buried various portions of the 
Rocky Mountain area. 

The long period of erosion and basin filling produced a monotonous 
old-age landscape. The mountain areas, although possessing some rugged 
features, were, in large part, subdued to the peneplain stage. The inter- 
montane basins were nearly or completely filled with sediments which 
in places actually mantled the peneplaned portions of the mountain 
ranges (PI. 5). 

HIGH-LEVEL BOULDER CONGLOMERATES 

Near the close of the long period of mountain denudation and basin 
filling, a vast amount of gravel and boulders was spread out about the 
margins of many of the ranges. They now cap outlying mesas in the 
Wyoming Basin; they rest high on the slopes of the Big Horn Range and 
are particularly widespread on both the north and the south slopes of the 
Uinta Range. 

Clarence King (1871), in his studies near the 40th Parallel, mapped 
and described large areas capped with what he called the Wyoming con- 
glomerate. Later observers have adopted the name Bishop conglomerate 
for this same formation. Near the Uinta Range it contains well-rounded 
quartzite boulders, 3 to 4 feet in diameter. Farther from the mountains 
the material grades into cobblestones and, at distances of 20 to 30 miles 
from the mountains, to fine gravel. The Bishop conglomerate is evidently 
a stream wash made up of numerous alluvial fans which are more or less 
blended on the pediments and in the relatively flat lands that border 
the present Uinta Mountains. 
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LATE TERTIARY LANDSCAPE 


Areas inclosed by dashed lines were true peneplains above which rose dnock peaks. 

The remaining areas were filled with wash from the mountain regions. Numbers mark location of 

canyons cut by master streams that established their courses on the old-age landscape and were 

subsequently superimposed in late Tertiary time. (1) Big Horn; (2) Big Horn, near Greybull; (3) 

Shoshone; (4) Wind River; (5) Snake; (6) Hoback; (7) Devil’s Gate on the Sweetwater; (8) North 

Platte near Alcova; (9) Laramie; (10) North Platte West of Medicine Bow Range; (11) Green; 
(12) Lodore. 
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Figure 1. A REMNANT OF THE LATE TERTIARY LANDSCAPE 
This gently sloping gravel-capped surface at the northern edge of the Uinta Range is one of the 
best-preserved portions of the Rocky Mountain Peneplain. 


Ficure 2. Bishop CONGLOMERATE 
Heavy gravel capping near Mt. Elizabeth on the north slope of the Uinta Range. This formation is 
believed to represent the final stage in basin filling. 


NORTH SLOPE OF THE UINTA MOUNTAINS 
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There are extensive areas about the margins of the San Juan Mountains 
that are capped with a bouldery formation similar to the Bishop con- 
glomerate and of about the same age. In southwestern Colorado the 
mantle of wash material from the mountains has been traced outward for 
50 miles from the base of the San Juan Range. Remnants of that coarse 
conglomerate remain on Bridge Timber Mountain and on the Mesa 
Verde, which have been separated from the mountain area by subsequent 
valley cutting. 

The Arikaree and Ogalalla formations, which mantle the High Plains 
east of the Rocky Mountains, represent a late stage in this period of 
alluviation and basin filling. They are commonly thought to be of 
Pliocene age. 

From the physiographer’s point of view, the Bishop and similar con- 
glomerates suggest more than the closing of a long period of alluviation 
and sedimentation. They may mean the rejuvenation of streams in their 
headwaters, and thus mark the beginning of a new cycle of erosion in 
the neighboring highlands. The suggestion has been made by Bradley 
(1936) that they may record an increase in aridity. 

In the San Juan region the high-level boulder conglomerate extends 
for many miles into New Mexico, Arizona, and Utah. It was traced east- 
ward into the San Luis Valley and southward into the valley of the Rio 
Grande. In the San Juan region it rests upon a sub-summit peneplain 
which is of late Tertiary age, on a surface which at places truncates the 
underlying sedimentary formations which are upturned at the margin 
of the mountain area. At other localities the boulder formation rests 
upon mid-Tertiary volcanics. Below the present floor of the San Luis 
Valley the conglomerate is buried under recent lava flows which, in turn, 
are buried by Quaternary alluvium. In the modern canyon of the Rio 
Grande the stream has cut through the Quaternary alluvium, through 
the great lava flows that cap the boulder conglomerate that rests upon 
the San Juan Peneplain, through that conglomerate, and into the under- 
lying erosion surface. 

On the slopes of the Uinta Mountains there are several large areas 
capped with Bishop conglomerate (Pl. 6). In the region north of Gilbert 
Peak and Tokawana Peak there is a large area where the conglomerate 
remains almost untouched by subsequent erosion. In Mt. Elizabeth the 
conglomerate is remarkably exposed, and it forms the capping of the 
divide between the Hayden Fork of Bear River and the Black Fork of 
the Green River. At this locality the conglomerate contains large con- 
tributions from the formations exposed in the core of the Uinta Range. 
Many of the boulders are from 2 to 3 feet in diameter. The mantle is 
from 50 to 100 feet thick. 
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One of the most remarkable remnants of this boulder bed is on the 
south side of the range, where it caps Diamond Mountain, northeast of 
Vernal, Utah. There, a heavy mantle of the conglomerate rests upon a 
surface that truncates Paleozoic and Mesozoic sediments. This surface 
corresponds topographically and physiographically with the summit of 
the Yampa Plateau. 

The age of the Bishop conglomerate is not definitely iain It has 
been correlated with the basal portion of the Brown’s Park formation, 
which is believed to be of late Tertiary age. It precedes but a little 
the opening of Pleistocene time in the Rocky Mountains. Furthermore, 
the Bishop conglomerate rests upon the Gilbert Peak surface, believed 
by Bradley to be of late Tertiary age. On the basis of physiographic 
evidence, a Pliocene age for this conglomerate ic favored. 

Nowhere in the Rocky Mo-ntain revi--. nave the physiographic rela- 
tionships been found so clearly defined as near the Uinta Mountains. 
The lands bordering that range to the north and south are today in re- 
gions of semi-arid climate, which may account for the larger remnants of 
the conglomerate being left in this part of the Rocky Mountain Province. 


SUPERPOSITION OF MAJOR DRAINAGE LINES 
WIDESPREAD UPLIFT 


Late in Tertiary time, after the mountain ranges had been subdued, 
after thousands of feet of mid-Tertiary sediments had accumulated, 
after the great volcanic flows of Colorado, Wyoming, and Idaho had 
poured forth, after the vast quantities of ejectamenta had settled and 
accumulated as breccias, tuffs, and ash beds, and just before the opening 
of the Pleistocene period, there occurred throughout the Rocky Mountain 
region another physical revolution of major significance. The movement 
this time was widespread; it was epirogenic rather than orogenic. The 
mountain ranges were somewhat emphasized, but the most significant 
feature was the widespread general uplift. The writers believe that the 
entire Rocky Mountain region was affected and that the neighboring 
physiographic provinces, including the Great Plains to the east and the 
High Plateaus to the west, were raised. Probably the entire cordilleran 
section of North America was involved in the movement. 


CANYON CUTTING 

Accompanying the uplift there was a gradual quickening of streams. 
Thousands, perhaps millions, of years passed before the rejuvenated 
Colorado River, working headward through the great plateau section, 
cut the Grand Canyon in Arizona and finally affected the work of its 
tributaries in the southwestern portion of the mountain province. An 
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equally long period passed before the quickening of the Arkansas, South 
Platte, North Platte, Laramie, Sweetwater, Missouri, Yellowstone, and 
Snake rivers affected the development of valleys within the Rocky 
Mountain Province. 

When the quickening influence finally reached the mountain area, the 
old-age rivers of the previous cycle took on the characteristics of youth 
and began to lower their courses. They cut through the mid-Tertiary 
alluvium, to encounter hard rocks, for virtually all the streams were 
flowing, at places, over buried mountain ranges. Those streams which 
were located on bare peneplaned surfaces experienced similar difficulties. 
They all found it necessary to attack the ancient rock formations, and 
in nearly every instance they cut magnificent water gaps which, today, 
are among the most striking physiographic features in the mountain area. 

There is not a single major river leaving the Rocky Mountain region 
today that does not plunge through a mountain range. Several of the 
master streams have cut canyons in two or more ranges. There are at 
least 25 notable water gaps in the middle and southern portions of the 
Rocky Mountains within the United States. Most of these are true 
examples of superposition, where the streams have cut through a mantle 
that buried the underlying mountain structures. 

Many of the minor streams, more than will be mentioned, have cut 
water gaps in their courses. In central Wyoming, Muddy Creek has cut 
such a notch through the Green Mountains. This gorge is locally known 
as Muddy Gap and is utilized by the main highway from Rawlins to 
Casper. Whisky Gap, in the Ferris Mountains, is another gorge cut by 
a superimposed or antecedent stream. 

It is impossible to account for the present river courses by normal 
headward erosion. The streams would have avoided the mountain areas 


‘in locating their channels. No stream would have chosen to cut through 


a mountain range if, only a short distance to one side or the other, it 
could have found easy going. In time, tributary streams would have 
worked headward into the mountains, but it is extremely unlikely that 
they would have cut canyons such as now notch the various ranges within 
the Rocky Mountain Province. The major lines of the present drainage 
pattern are inherited from the streams which existed on the late Tertiary 
surface. 
FIELD EVIDENCE 

Black Canyon of the Gunnison.—Twelve localities have been selected 
as bearing evidence upon this hypothesis. At the northern margin of 
the San Juan Mountains the late Tertiary sub-summit peneplain is 
represented by upland surfaces bordering the canyon of the Gunnison 
River. Here the old-age erosion surface was developed on mid-Tertiary 
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lava flows. The volcanics have been in part removed and the under- 
lying Mesozoic formations exposed at various places (Fig. 2). In the 
vicinity of the picturesque portions of the canyon, the pre-Cambrian 
rocks are at the surface (Pl. 9, fig. 2). The block drawing (PI. 7, fig. 1) 


bs THE BLACK CANYON OF THE GUNNISON 
QUATERNARY CRETACEOUS 


Ficure 2—Geologic map—Black Canyon of the Gunnison and vicinity 


shows the relationship of the late Tertiary peneplain to the rock struc- 
ture at this locality. 


North Platte west of Medicine Bow Range.—Here the North Platte 
River, after leaving the Tertiary area of North Park, plunges into a 
granite gorge near the west margin of the Medicine Bow Range. For 30 
miles it continues northward in that gorge and then returns to a Tertiary- 
filled valley (Pl. 8, fig. 1). 

Apparently the North Platte established its course when the area be- 
tween the Medicine Bow and the Park ranges was filled with Tertiary 
material. As the stream lowered its channel, it was forced to cut through 
the granite barrier which was previously hidden by soft sediments. The 
gravel capping on Independence Mountain at the north end of North 
Park indicates that the filling was much deeper than it is today and 
overlay all of the land where this canyon of the North Platte is now 
located. 

North Platte near Alcova—Southwest of Aleova, Wyoming, the North 


Platte River flows for several miles through a magnificent gorge cut into 
pre-Cambrian granites and upturned formations of Paleozoic and Meso- 
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Ficure 2. STRUCTURAL AND TOPOGRAPHIC RELATIONSHIPS OF THE NorTH PLATTE AT THE CANYON 
NEAR ALCOVA 


BLOCK DRAWINGS OF THE GUNNISON AND ALCOVA REGIONS 


Ficure 1. SrruCTURAL AND TOPOGRAPHIC RELATIONSHIPS AT THE BLACK CANYON OF THE GUNNISON 
Fi 
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Ficure 1. SrRUCTURAL AND TOPOGRAPHIC RELATIONSHIPS AT THE WEST MARGIN OF THE MEDICINE 
Bow RANGE 


Ficure 2. LARAMIE RANGE IN THE VICINITY OF THE SHERMAN MOuNTAINS 


BLOCK DRAWINGS OF THE MEDICINE BOW AND LARAMIE RANGES 
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zoic age. Before the modern valley was developed, Tertiary sediments 
covered the area and only a few subdued mountain summits rose above 
the surface of the waste-filled basin. When uplift occurred, late in the 
Tertiary, carry-on cutting was inaugurated and the North Platte lowered 
its course into buried mountain structures (PI. 7, fig. 2). 


Laramie Range——West of Cheyenne the field evidence bearing upon 
this problem is particularly significant. At this locality the late Tertiary 
sediments of the Great Plains lap upon the Laramie Range so that the 
transition from the plains to the mountains is almost imperceptible. 
There is no pronounced change or break in topography. This area, where 
the old Pony Express route was laid out and where now the Union 
Pacific railroad ‘and a modern highway are located, has been appro- 
priately called the “Gangplank” (PI. 3, fig. 2). 

The structural and topographic relationships in the section between 
Cheyenne and Laramie are shown in a block drawing (PI. 8, fig. 2). At 
the west margin there is a complex cuesta formation due to resistant 
sediments of Paleozoic age. Through the central portion the pre-Cam- 
brian granites are exposed. At the eastern edge of the range, Paleozoic 
and Mesozoic beds are exposed at several places. It is evident at this 
locality that the Tertiary sediments of the Great Plains once extended 
much farther over the eroded mountain surface. 

Although minor relief features are present, the summit of the Laramie 
Range is remarkably even. Davis and others have frequently referred 
to it as the perfect peneplain. In the literature this old erosion surface 
is called the Sherman Peneplain (Blackwelder, 1909). The writers wish 
tentatively to correlate it with remnants of the widespread Rocky Moun- 
tain Peneplain. 

Approximately 40 miles north of the Sherman Mountain area the 
Laramie River crosses the Laramie Range. The stream flows from the 
Laramie Basin, where it has cut a broad open valley in Tertiary sedi- 
ments, directly across the range in a granite gorge, to enter another broad 
open valley cut in the soft rocks of the Great Plains. The geologic con- 
ditions appear to indicate that the late Tertiary sediments were accumu- 
lating as the range was being subdued. They must have covered much 
more of the range than they do today and probably completely mantled 
the surface where the Laramie Gorge has been developed. That would 
mean superposition of the Laramie River in late Tertiary time. If com- 
plete mantling were not accomplished, then a late stage of peneplanation 
must have been reached before rejuvenation took place and the cutting 
of the gorge began. 


Canyons of the Green River—Rising at the northern end of the Wind 
River Range, the Green River flows southward through the Wyoming 
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Basin and plunges directly into the Uinta Range within a few miles of 
the present village of Manila. There it has cut a magnificent canyon, 
nearly 2,000 feet deep, through highly colored sediments that suggest 
the local name, Flaming Gorge. The stream then flows eastward in a 
canyon until it reaches Brown’s Park, an area where Tertiary filling 
occurred within the mountain province. Near the center of the park 
the stream turns directly south and flows through what is known as Lodore 
Canyon (PI. 10, fig. 1). A little farther on, it passes through the Yampa 
Plateau and Split Mountain, crossing a minor anticlinal structure (PI. 
10, fig. 2). Finally, after completing a circuitous course, the Green River 
leaves the mountain structures a few miles east of Vernal. 

Near the close of Tertiary time, the northern slope of the Uinta Moun- 
tains was well graded. The crest-line peaks were not entirely removed, 
but they were much subdued. There were pediments at the base of the 
range, as described by Bradley (1936), and those pediments blended or 
merged northward into an extensive basin filled with alluvium (Pl. 6, 
fig. 1). Despite dissection by the major streams from the Uinta Moun- 
tains, the mantling formation remains today over a considerable portion 
of the area (PI. 6, fig. 2). Between the modern valleys on the north side 
of the range there are many broad areas that have been little modified 
since late Tertiary time. The summit of Diamond Mountain on the 
south slope, north and northeast of Vernal, is entirely covered with 
Tertiary deposits. 

The course of the Green River from the nearly level lands of the 
Wyoming Basin through a mighty mountain range to the Colorado 
Plateau requires some special explanation. No river valley by headward 
erosion would have established such a route. The presence of the Ter- 
tiary sediments high on the mountain flanks and within the mountain 
area suggests that these deposits were formerly more widespread. By 
reconstruction, one may produce a continuous mantle over the entire 
eastern end of the Uinta Range and account for the location of the Green 
River by superposition. 


Gorges of the Snake and Hoback rivers—South of the Teton Range, 
the Snake and the Hoback rivers unite and then flow together, as the 
Snake River, through a magnificent canyon. After leaving the soft Ter- 
tiary deposits at the eastern margin of the area, the Hoback River cuts 
through upturned sediments (Fig. 3). From the village of Hoback, south- 
ward and then westward, the Snake River is in a mountain canyon for 
nearly 15 miles. Here is another example of streams rising in the midst 
of the Rocky Mountain region and crossing huge mountain ranges in 
their routes to the sea. The streams were located at an earlier physio- 
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Ficure 1. Winp River CANYON 
A superimposed stream cuts through the resistant formations of the Owl Creek Anticline. View look- 
ing south. (Photo by J.F: Fanshawe.) j 


Ficure 2. Back CANYON OF THE GUNNISON 
2 Gorge cut by the Gunnison River following its superposition on the late Tertiary peneplain. (Photo 
by Grant, National Park Service.) 


WIND RIVER CANYON AND BLACK CANYON OF THE GUNNISON 
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Ficure 1. Lopore Canyon 
Following superposition in late Tertiary time, the Green River cut this canyon through the folded 
structures at the eastern end of the Uinta Range. (Photo by Grant, National Park Service.) 


Ficure 2. Park 
Junction of the Yampa and the Green rivers, as seen from the knife-edge divide between Yampa and 
Lodore canyons. The Blue Mountains are visible in the distance. (Photo by Grant, National Park 
Service.) 


CANYONS OF THE GREEN RIVER 
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graphic stage, when the topography was cntirely different from that of 
today and, the writers believe, at a time when there was little or no relief 
in this portion of the physiographic province. The Tertiary sediments 
may have covered the entire area, or the region may have been at a 


THE SNAKE AND HOBACK CANYONS 
QUATERNARY E=J cretaceous CARBONIFEROUS 
TERTIARY JIRASSIC-TRIASSIC PRE-CAMBRIAN 


Ficure 3.—Geologic map—area of the Snake and Hoback canyons 


peneplain level which corresponded with the surface of the filling between 
the mountain ranges (PI. 5). 


Wind River Canyon.—Among the water gaps of the Rocky Mountain 
region the one cut through the Owl Creek Mountains, south of Ther- 
mopolis, is particularly significant in presenting evidence bearing upon 
the physiographic evolution of the region. At the southern margin of 
the range the streams are flowing in Tertiary sediments and have broad 
open valleys with wide flood plains. As the main stream flows north- 
ward, it plunges directly into the Owl Creek Range, a complex structure 
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Figure 4—Geologic map—Wind River Canyon and vicinity 
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of upturned Paleozoic and Mesozoic rocks (Fig. 4). In the central por- 
tion of the gorge, the stream has cut into the pre-Cambrian complex. 
Northward from Thermopolis the Big Horn River leaves the upturned 
strata of the mountains and flows into a broad open valley in the Ter- 
tiary filling of the Big Horn Basin. Viewed from the air (Pl. 9, fig. 1), 
the relation of the Wind River Canyon to the Owl Creek Anticline is well 
shown. 

In explaining the course of a master stream through the Owl Creek 
Mountains, it is necessary to imagine a condition in which antecedence 
or superposition could have taken place. If one relies solely on evidence 
available in the immediate vicinity of the canyon, antecedence seems to 
be the more likely. On the other hand, if the Tertiary gravels on the 
summit of the range, several miles east and west of the canyon, are taken 
into consideration, one may reconstruct a mantle of Tertiary material 
across the site of the present gorge. In so doing, the conditions for 
superposition similar to those at Alcova and west of the Medicine Bow 
Range are reproduced. Evidence now available favors the latter inter- 
pretation. 


Shoshone Canyon.—The scenic canyon west of Cody has been devel- 
oped by the Shoshone River where it cuts through a spur of the Absaroka 
Range. Although an easy route through soft sediments is available south 
of the mountain spur, the Shoshone River crosses an anticlinal structure 
containing pre-Cambrian granites and sharply tilted Paleozoic rocks 
(Pl. 11, fig. 1). The canyon route of the Shoshone River is interpreted 
as another example of a stream course inherited from the late Tertiary 
cycle-end-surface (Pl. 5). The present route was determined prior to 
uplift and was maintained during subsequent erosion. 


Devil’s Gate—The Sweetwater River, a tributary of the North Platte, 
winds in and out among the remnants of the Granite Range of central 
Wyoming. A short distance west of the famous Independence Rock it 
plunges through a picturesque little gorge known as Devil’s Gate. The 
land in the vicinity of this miniature canyon is mantled with Tertiary 
sediments. The strange situation of the Sweetwater River can be readily 
explained as the result of superposition from the late Tertiary surface 
(Pl. 5). The structural and topographic relationships in the vicinity of 
Devil’s Gate are shown in the block drawing (PI. 11, fig. 2). 


Royal Gorge of the Arkansas——Where the Arkansas River crosses the 
Colorado Front Range it has been forced to cut a sharp V-shaped gorge, 
at places nearly 2,000 feet deep, in the pre-Cambrian complex. West of 
the Front Range, in the vicinity of Salida, the stream is flowing in a 
broad, intermontane structural lowland where there are vast alluvial 
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deposits. Turning eastward, the stream plunges into a canyon which it 
follows for several miles. 

In the block drawing (PI. 12, fig. 1), the topographic and geologic con- 
ditions in the vicinity of the canyon are reproduced. It is clear that the 
gorge has been cut into a surface somewhat younger topographically 
than the sub-summit erosion surface in the Front Range. There is no 
evidence that this region was buried beneath Tertiary sediments, but the 
even summit of the Wet Mountains, south of the gorge, and the sub- 
summit erosion surface in the Front Range support the hypothesis that 
the Rocky Mountain Peneplain was well developed in this region. The 
Arkansas River probably flowed on that old erosion surface and lowered 
its course as the range was uplifted. As the stream has deepened the 
canyon, there has been a constant struggle to keep pace with the upward 
growth of the mountains. Whenever mountain growth exceeded the rate 
of downward cutting, ponding occurred on the west side of the mountains. 


Canyons of the Big Horn.—Near the eastern margin of the Big Horn 
Basin there is a symmetrical double-plunging anticline through which 
the Big Horn River has cut a small canyon. A few miles farther north, 
the stream leaves the basin region and plunges directly into, and through, 
the Big Horn Range. The structural and topographic relationships at, 
and near, each of these gorges are shown in the block drawing (PI. 12, 
fig. 2). In order to account for the position of the master stream, one 
must imagine Tertiary material reaching the summit of the Big Horn 
Mountains. When this condition existed, the Big Horn River could have 
established its course across the range (Pl. 5). Strengthening this hypoth- 
esis, Tertiary remnants are found at several places near the summit 
of the Big Horn Range. Like the North Platte, Sweetwater, Green, and 
Shoshone rivers, the Big Horn is an example of superposition. 


PLEISTOCENE HISTORY 


The oldest glacial deposits of Pleistocene age thus far discovered in the 
Rocky Mountain region are well preserved in the San Juan region of 
southwestern Colorado. They were reported on Horsefly Peak by Howe 
and Cross (1906). Later, they were described at several localities in the 
San Juan area under the name of Cerro till (Atwood and Mather, 1932). 
Deposits of about the same age have been reported in the southwestern 
corner of Yellowstone National Park and adjoining territory by Black- 
welder (1915), in the Jackson Hole region by Fryxell (1930), and on the 
north slope of the Uinta Range by Bradley (1936). On the Canjilon 
Divide in north-central New Mexico, Smith (1936) reported moraines 
that he correlated in age with the Cerro deposits in the San Juan Moun- 
tain region. 
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Ficure 1. CANYON ROUTE OF THE SHOSHONE RIVER 


Ficure 2. Devit’s GATE ON THE SWEETWATER RIVER 


BLOCK DRAWINGS OF SHOSHONE CANYON AND DEVIL’S GATE 
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Ficure 1. CANYON OF THE ARKANSAS RIVER 


Ficure 2. Tue Bic Horn CANYONS 


: BLOCK DRAWINGS OF THE ROYAL GORGE OF THE ARKANSAS AND 
BIG HORN GORGES 
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During the past few years the writers have found several additional 
early Pleistocene moraines. Some of these have been briefly described 
in a paper on the Butte region (Atwood, 1916). These moraines were 
revisited during the season of 1936, and this time were interpreted with 
much greater confidence (Atwood and Atwood, 1938). There are several 
localities near Pike’s Peak and Bailey, Colorado, and some southwest of 
the Florissant Basin, and on the high divides along the canyon of the 
Cache la Poudre. All these deposits are much older than the moraines 
commonly reported as Wisconsin, or slightly pre-Wisconsin, in age. They 
are much weathered, and at some exposures huge crystalline rocks, 3 
or 4 feet in diameter, are so disintegrated that they may be crumbled in 
the hand. Furthermore, these early Pleistocene deposits are not found 
in any of the present valleys or canyons of the mountain region but, 
instead, in high places, on benches that were formerly parts of mature 
valleys cut a few hundred feet below the Rocky Mountain Peneplain, or 
on divides, or intercanyon ridges, far above the present valleys. 

In the present valleys, two systems of moraines have been recognized. 
The older of these has been called Durango in the San Juan region by 
Atwood and Mather (1932), Bull Lake in the Wind River Range by 
Blackwelder (1915), Bull Lake in the Teton region by Fryxell (1930), 
pre-Wisconsin in the Wasatch and Uinta areas about thirty years ago 
bv the senior author (Atwood, 1909), pre-Wisconsin in the Leadville re- 
gion by Capps (1909), pre-Wisconsin in the Big Horn region by Salis- 
bury and Blackwelder (1903), and pre-Wisconsin by many other work- 
ers. These moraines are usually from 3 to 10 miles farther down the 
canyons than the moraines of the Wisconsin stage. 

The alpine ice of the two later stages excavated the modern cirques, 
steepened the mountain walls, deepened and widened the canyons, gouged 
out basins in the solid rock, and ponded drainage at many places with 
morainic dams. Virtually all the conspicuous topographic features due 
to glaciation in these mountains may be accounted for by the work of the 
Wisconsin or Durango - Bull Lake glaciers. 


LATE STAGES IN EROSION 


Since the widespread uplift in late Tertiary time which rejuvenated all 
streams in the Rocky Mountains, there have been several subsequent, 
though minor, uplifts. Each of these has affected the work of streams 
and caused variety in the topographic features that developed as the 
peneplain areas were dissected. 

The streams widened their valleys, producing broad, park-like areas 
at many places. These broadened valleys and parks are higher than the 
modern canyons. They represent the valley-and-park stage in which 
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the broad, open, outer valleys, now high above the modern canyons, were 
developed. 

Then came a distinct canyon-cutting period when the present valleys 
were excavated. In several canyons there are spurs and benches, and it 
appears in many cases as if the canyon-cutting stage should be subdi- 
vided into at least two parts. 

In the excavation of the intermontane basins and in the dissection of 
the Great Plains to the east and the plateau regions west of the moun- 
tains, several stages have been recognized. Many of these are recorded 
by broad benches, terraces, and mesa-like remnants. Although these fea- 
tures are of importance in explaining details of topography, they have 
been omitted in presenting this broad analysis of the physical history 
of the ranges. 

CONCLUSIONS 


The major points of the hypothesis here presented may be summarized 
as follows: 


(1) It establishes a unity in the physiographic history of the middle 
and southern portions of the Rocky Mountain region in the United States. 

(2) It points out that certain major events have punctuated the phys- 
ical history and have been expressed in one way or another in each of 
the ranges, in the basin-like areas among the mountains, and in the Great 
Plains Province to the east. 

(3) It recognizes two periods during which streams developed exten- 
sive erosion surfaces: one, late in Eocene time, when a mature stage was 
reached; the other, near the close of the Tertiary, when the only wide- 
spread peneplain in this portion of the Rocky Mountains was developed. 

(4) It explains the canyons of the master streams as the result of 
superposition on a late Tertiary erosion surface or by antecedence. 

(5) Finally, it presents in broad outline a continuous history from 
the opening of the Tertiary to the development of the present canyons. 
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SPECIMENS OF INCOMPLETE AND COMPOSITE INTERNAL MOULDS 


(1) Slab of brachiopods from the residual Mississippian boulders of the Ozark region, showing 
three incomplete internal moulds represented by flat surfaces, all of which are parallel. (2) Brach- 
iopod in profile, showing the incomplete internal mould and a portion of the external mould, from 
the residual Mississippian boulders near Rolla, Missouri. (3) Incomplete internal mould of a came- 
rate crinoid from the residual Mississippian boulders near Rolla, Missouri. (4) Incomplete internal 
mould of a blastoid from the residual Mississippian boulders near Rolla, Missouri. (5) Incomplete 
internal mould of gastropod from Cretaceous of Maryland, showing results of partial filling of each 
whorl. Note that the planes on each whorl are essentially parallel. (6) Plaster model from labora- 
tory experiment. Note that the plane of composition of the partial internal mould is parallel to the 
top surface of the block. (7) Cross-section of Pentremites cut normal to bedding. Note relatively 
straight line (indicated by arrow) of division between smooth dark area (above) composed of cal- 
cite, and the rough light area (below) composed of material similar to the matrix in which the fossil 
was embedded. 
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ABSTRACT 


Incomplete and composite internal moulds, formed by the partial filling of shells 
by the enclosing sediments at the time of burial, contain a plane, the plane of com- 

osition, which shows the horizontal plane at the time the partial filling of the shell 
loadened An angular relationship between the common plane parallel to all the 
planes of composition and the horizontal plane indicates tilting of the formation. 
Angular relationships between planes of composition indicate a reworking of the 
sediments. An angular relationship between the common plane and the bedding 
plane indicates primary structure. 


INTRODUCTION 
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PROBLEM 


This study has been made in order to determine the origin and possible 
use of both composite and incomplete internal moulds of fossil shells as 
criteria in the determination of structures in which sedimentary rocks are 
involved. 

PREVIOUS WORK 

All standard textbooks of paleontology discuss, with more or less em- 
phasis, the origin of the internal moulds which are the result of the com- 
plete filling of the original shells by the sediments in which they were 
entombed. Many fossil descriptions are based on specimens of this type. 
In none of them is there mentioned the possibility of either a composite 
or an incomplete internal mould. 

The earliest reference to incomplete internal moulds, known to the 
writer, is the indirect statement made by Bridge (1917, p. 562) in his 
paper on the faunas of the residual Mississippian boulders occurring in 
the central Ozark region, as follows: 

“Some difficulty has been experienced in correlating the mould with the internal 
cast, for, strangely enough, when one surface is well preserved, the other is not.” 

It was material described by Bridge (1917), and additional collections 
from the same localities, which gave this investigation its original 
impetus. 

INTERNAL MOULDS 
INCOMPLETE INTERNAL MOULDS 


Specimens collected fron: the silicified residual Mississippian boulders 
in the vicinity of Rolla, Missouri, are of two types—internal and exter- 
nal moulds. The material composing these is almost entirely porous 
silica or chert. All traces of calcite have been entirely removed by solu- 
tion. It is significant that the calcite of the original shell is not replaced 
by silica. The space occupied by the original calcite is now a narrow 
void which entirely surrounds the internal mould except at those points 
where there was an opening in the original shell which permi‘’ 4 a con- 
nection between the original matrix, which formed the partial! filling of 
the shell, and the matrix in which the shell was deposited. 

The internal moulds are complete except as follows: (a) Where the 
body cavity of the shell was large and the openings to the exterior were 
relatively small, such as camerate crinoids, brachiopods, and blastoids; 
(b) where a single valve of a large brachiopod, having great convexity, 
was deposited with the convex surface upward. Internal moulds of most 
of these are incomplete. These incomplete internal moulds appear as 
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if a portion had been sliced away; only a part of the mould remains. The 
incomplete portion of the mould is indicated by a plane which has no 
internal markings of the interior of the original shell upon it (PI. 1, 
figs. 1-5). These planes, although they occur at different levels in the 
boulders, are all parallel to each other and define a common plane which 
is parallel to all. 

COMPOSITE INTERNAL MOULDS 

Associated with the chert boulders at three localities are blocks of 
fossiliferous limestone. Parts of these blocks are silicified and have the 
same appearance as the chert boulders; the remaining parts are limestone. 
These two extremes of limestone and chert in the same block grade into 
each other imperceptibly. The limestone portion contains fossils of the 
same genus and species as those found in the chert. Here, however, the 
calcite of the original shell is present, and the calcareous matrix of the 
surrounding rock and that of the matrix portion of the complete internal 
moulds are of the same material. 

Twenty-three of the many specimens from these limestones which were 
sectioned, were found to contain secondary calcite as a part of the 
internal mould. After careful examination of these specimens, the con- 
tact between the secondary calcite filling and that portion of the internal 
mould composed of material similar to the matrix in which the fossil was 
embedded was found to be a plane. In cross section this plane is repre- 
sented by a line, such as is indicated in Plate 1, figure 7. 

The writer wishes to refer to shell fillings of this type as composite 
internal moulds and to the plane of contact between the two substances 
composing it as the plane of composition. 


ORIGIN OF INCOMPLETE AND COMPOSITE INTERNAL MOULDS 


In order to determine the origin of the plane of composition an ex- 
periment simulating the conditions of deposition on a calcareous mud 
bottom was performed. 

To represent a calcareous mud bottom a thin mixture of dental plaster 
and water was used. To represent shells having large interiors and 
relatively small openings to the outside, small electric light globes, from 
which the plug portion had been removed, were used. These were sub- 
merged in the thin mixture of dental plaster and water, care being taken 
to see that the globes were completely filled by the mixture. The globes 
were allowed to settle to the bottom of the container, where they re- 
mained until the plaster had settled out and slightly hardened. The 
water was poured off; the container was then broken to free the block, 
and the plaster was cut away to expose the globe. 

It was found, as was expected, that within the globe the water and 
plaster had segregated and that the contact between the two was a plane 
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of composition, the plaster being below the plane and the water-filled 
space above. This plane was parallel to the upper plane surface of the 
block in which it formed, as is shown in Plate 1, figure 6. The plane 
represents the horizontal plane at the time the matrix and the shell 
filling became hardened. It is not difficult to conceive of this taking 
place in nature. Furthermore, it is only a step further to have the water- 
filled portion of the interior of the shell filled by a secondary mineral, 
possibly the cementing material of the rock in which it is found. 

The incomplete internal moulds of the residual chert boulders repre- 
sent, without much question, the remains of composite internal moulds 
which have had the calcite removed by solution. The matrix of original 
rock which partially filled and totally surrounded the shell has been 
silicified. Whether the solution came before silicification or whether the 
two were simultaneous, has no great bearing on the possible use of the 
incomplete internal mould. 

The formation of the plane of composition is contemporaneous with the 
deposition of the shell. Any addition of secondary mineral matter, such 
as calcite, deposited out of solution in the void space could take place 
at any later time and the plane of composition would not be disturbed. 
In this respect the plane of composition differs from the surface developed 
on the top of secondary minerals which fill the vesicular openings in lava 
or the chinks between fragments. These surfaces could have been de- 
veloped at any time after the formation of the opening. They would 
indicate possibly the horizontal plane at the time they were filled, which 
is not necessarily the time the openings were formed. This is also true 
of the secondary calcite filling of the composite internal mould. The 
matrix portion of the composite internal mould, however, was neces- 
sarily deposited at the time the shell was included in the sediment. 
Therefore, there is a definite time value to be associated with the devel- 
opment of the plane of composition, which resulted from the partial 
filling of the shell by the matrix in which it was entombed, and was 
formed before the matrix hardened. 

The importance of both the incomplete and the composite internal 
mould lies in two facts: (1) That the plane of composition represents 
the horizontal plane at the time the matrix hardened, which normally 
is immediately after deposition; (2) that these planes occur in fossils 
which are large enough to permit measurements and observations to be 
made in the field. 


POSSIBLE USE OF MOULDS AS CRITERIA OF STRUCTURE 
RELATIONSHIPS IN PRIMARY STRUCTURES 
Observed Relationships——According to common practice, structures in 
sedimentary rocks may be divided into two divisions: those which result 
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from sedimentation, generally denoted as primary structures; and those 
which result from diastrophism, known as secondary structures. 

Specimens of the genus Pentremites collected from the shales of Fern 
Glen age near Red Rock Landing, Perry County, Missouri, were oriented 
in the bed, by marking upon their surface at the time of collection the 
line of intersection of the bedding plane with the surface of the shell. 
On sectioning those which had composite fillings, the planes of compo- 
sition were found to be parallel to the indicated bedding planes. Where 
bedding was visible the use of the plane of composition shows that the 
beds were laid down in a horizontal position. 

In the absence of bedding, or if the bedding be obscured by fracture 
cleavage, the original horizontal plane could be determined. 

It is difficult to ascertain the bedding in the residual Mississippian 
chert boulders in the vicinity of Rolla, Missouri. The plane of composi- 
tion on the included internal moulds makes it easily possible to determine 
the initial horizontal plane. 

In this area where no initial dips have been observed in the bedded 
deposits of rocks of the same age, this plane of composition is essentially 
the bedding plane. Plate 1, figure 1, is an example of this. Also in this 
area, in the bedded limestone deposits from which the boulders were 
originally derived, the planes of composition are parallel to the bedding. 
Consequently, there is no need to expect the introduction of initial dips 
over such short distances. 


Inferred Relationships.—In areas where initial dips are thought to be 
present, it would be well to examine every contained fossil carefully. If 
the dips are truly initial, the plane of composition in the composite 
internal moulds would intersect the bedding plane. In their work on 
initial dips peripheral to buried and resurrected hills of the central 
Ozarks, Dake and Bridge (1932) recognized dips up to 30 degrees. Al- 
though they recognized that a part of this dip might be due to the 
compaction of the sediments, there was no criterion by which the initial 
dip or the dip resulting from compaction could be measured. A careful 
scrutiny and orientation of all fossils in these beds might have proved of 
exceptional value. This would have been especially true had a few in- 
complete internal moulds been found in the fossils. In this case the 
plane defined by the planes of composition would have made a definite 
angle with the bedding planes and this angle would have been the initial, 
or primary, dip of the sediments which formed the rock. Any departure 
of the plane of composition from the horizontal could have been attrib- 
uted to later compaction in the sediments. It is only in such exceptional 
cases of high initial dips that the plane derived from the planes of com- 
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position and the bedding plane would be at great variance. The sug- 
gested results can be ascertained only if the bedding is obvious. 

In areas where fossiliferous sedimentary rocks are involved in massive 
cross-bedding, it is frequently difficult to ascertain the approximate true 
bedding. This is especially true if the topset beds have been eroded and 
the entire area tilted. The angle between the plane of composition of 
the internal moulds and the bedding planes of the foreset beds would 
indicate the angle at which the foreset beds were originally deposited. 
The angle between the plane of composition and the present horizontal 
plane would indicate the angle through which the beds have been tilted. 
The bedding of the topset beds would be essentially parallel to the plane 
of composition. 

The attention of the writer has been called to examples of reworked 
materials in beds of upper Ordovician age, by Walter H. Bucher.* In 
some beds the planes of composition of the internal moulds are neither 
parallel to the bedding nor parallel to each other. This condition, accord- 
ing to Bucher, indicates that the fossils were originally deposited and the 
partial fillings hardened. Subsequently, the beds were reworked and the 
shells reoriented within the beds where they finally came to rest. This 
would readily account for the haphazard arrangement of the planes of 
composition, as the originally hardened material within the shell need 
not have been disturbed by the reworking of the sediments. In all beds 
where most of the planes of composition are parallel to the bedding, the 
few which vary do so only very slightly. 

In masses of thick, unconsolidated materials which contain fossils, and 
in which bedding is not apparent, any inclination of the plane resulting 
from the projection of the observed planes of composition in the internal 
moulds into a common plane, would readily indicate to what degree the 
beds had been tilted since deposition. If the planes of composition in 
the internal moulds were not parallel to each other but showed a hap- 
hazard relationship, the inference would be that the shells had been re- 
worked as sediments since their original deposition. 

RELATIONSHIPS IN SECONDARY STRUCTURES 

Inclined Strata—In areas of massive isolated outcrops it is frequently 
difficult to ascertain either the probable dip of the beds or the general 
direction of the bedding. At numerous localities in the Appalachian Val- 
ley, the writer has used the plane of composition in the composite internal 
moulds to indicate the general trend of the bedding plane. It is to be 
realized, of course, that in most instances of sedimentation the relation- 
ship of the plane of composition to the bedding plane is that of a very 
small angle, commonly a fraction of one degree. 


1 Personal communication. 
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Overturned Strata—The normal relationship of the plane of composi- 
tion in the composite and incomplete internal moulds to the horizontal 
plane is essentially one of coincidence. In all cases, that portion of the 
internal mould composed of the matrix similar to that in which the origi- 
nal shell was embedded lies below the plane of composition. In over- 
turned beds, the filling of the secondary mineral of the composite internal 
mould, or the void space of the incomplete internal mould, lies below 
the plane of composition which separates it from that portion of the 
internal mould composed of the material which is similar to the rock 
matrix. 

CONCLUSIONS 


(1) Both incomplete and partial internal moulds are the result of par- 
tial filling of the original shell by the matrix in which it was buried. 

(2) The plane of composition resulting from this incomplete filling rep- 
resents the horizontal plane existing at the time the sediments were origi- 
nally hardened. 

(3) The relationship of a plane defined by the majority of the planes 
of composition in the included fossils, to the bedding plane, indicates the 
original relationship of the bedding planes to the horizontal plane exist- 
ing at the time the beds were deposited. If this plane and the bedding 
are not parallel, the divergence must be explained as caused by a primary 
sedimentary structure. 

(4) In the absence of bedding planes, the plane defined by the majority 
of the planes of composition, although not necessarily coincident or par- 
allel with the bedding plane, can be used as an approximate bedding 
plane. This is true except in areas of high primary dip. 

(5) The original top and bottom of an incomplete internal mould or 
a composite internal mould can be ascertained regardless of its present 
position. This is of especial value as a criterion of overturned beds. 


Since the original work on this problem was completed, the attention 
of the writer has been called to the work of Hadding (1929), in which 
he mentions the use of the fillings of the shells of Obolella mobergi and 
also of some small gastropods of Tertiary age, as “geological leveling 
instruments.” Also, he has suggested their use in the determination of 
the primary dip of the bed. The forms noted by Hadding are small, and 
their use is restricted to thin-sections. 
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ABSTRACT 


Two north-south sections in north-central Kentucky show the unconformable rela- 
tionships of the Lexington, Perryville, and Cynthiana divisions of the Trenton. It 
is proposed to restrict the term Lexington to the pre-Perryville. The Lexington 
sequence is typically developed in the region froma Lexington and Frankfort, but 
north and south of this area the appar formations are progressively eliminated. 
In the northernmost area of outcrop the Jessamine forms the top; in the southern- 


most, the mid-Benson. 

The Perryville is less widely developed and is overlapped by the Cynthiana over 
much of the region. The Cynthiana section at Lexington, Frankfort, Gratz and 
vicinity is the upper half, and less of the more co — section developed mar- 

inally to the Jessamine Dome. The relationships of the named divisions of this 


ormation are defined and revised. 
The bearing of these stratigraphic relationships on the early history of the Cin- 


cinnati Arch is outlined. 
LEXINGTON LIMESTONE 


As originally defined by Campbell (1898) the Lexington limestone in- 
cluded the beds between the Tyrone (Lowville) and his Flanagan chert. 
In later use by Foerste and Miller it came to include all beds between 
the Tyrone and the Cynthiana. Together with the Cynthiana it com- 
prises the Trenton of Kentucky. These same authors have subdivided 
the series into seven formations (Table 1). 
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Taste 1. Subdivisions of the Lexington and Perryville 


M. R. Campbell 1898 Works of A. F. Foerste and A. M. Miller 


Proposed 


Winchester Cynthiana 


Cornishville 
Perryville Salvisa 
Faulconer 


Woodburn 
Flanagan Brannon 
Benson 
Jessamine 
Lexington Hermitage 
Curdsville 


Lexington 


Lexington | Perryville 


The divisions are in part faunal units and in part lithologic. They 
have been described in some detail by Miller and Foerste, and more 
recently by the writer (McFarlan, 1931). The Brannon with its dis- 
tinctive lithology—a contorted and “concretionary-like” siliceous lime- 
stone yielding a residuum of chert on weathering—has usually been 
designated as the mid-Lexington. 

The Flanagan chert of Campbell corresponds to the Brannon and 
Woodburn, though the chert zone (Brannon) constitutes only the lower 
part of it. In his type area the Perryville is not present in the section. 
The same author called attention to the absence of the Flanagan chert 
south of the Kentucky River fault, and his observation was in the main 
correct, although Miller (1913, p. 324) regarded the absence of this zone 
of chert drift as a result of the rugged topography and the position of its 
outcrop in the deep valley bottoms. This gave more limited areas of 
outcrop and made thorough weathering and the production of residual 
chert less possible. 

In this paper it is proposed to restrict the very useful, comprehensive 
term “Lexington limestone” to the pre-Perryville rocks of the Jessamine 
Dome. This sets apart the Perryville as a distinct formation of the 
Trenton. This is justified, in spite of faunal relationship, by the un- 
conformities which bound the Perryville above and below. At the well- 
known Old Crow Distillery section near Frankfort, the Perryville over- 
lies Woodburn in apparent conformity. Near Danville, Boyle County, 
and south of Burdett Knob in Garrard County, in the southern Blue- 
grass, it rests on mid-Benson. 

The nature of the upper contact of the Lexington limestone (re- 
stricted) with the Perryville and Cynthiana is shown in Plate 1. This 


2 
| 
a 
| 
ee 


LEXINGTON LIMESTONE 991 


limestone sequence is completely developed only in the central Blue- 
grass counties. To the north and south there is progressive elimination 
of the upper beds. As a result the post-Lexington beds rest on the mid- 
Benson where they dip under cover in the southern Bluegrass, and on the 
Jessamine formation in northern Kentucky. On the map (Pl. 1) the 
belts marked by Roman numerals show in a general way the nature of 
the pre-Perryville structure of the region. These belts strike approxi- 
mately east-west, forming a shallow syncline trending at right angles 
across the larger part of what in post-Perryville time began to develop 
into the Jessamine Dome of the Cincinnati Arch. 

The characteristic upper Benson fauna, including the widespread 
Stromatocerium pustulosum reef, is well known. To this is added an 
undescribed species of Ceramoporella rivaling the Stromatocerium in 
usefulness, though it is not known to have the same geographic extent. 
It occurs usually a few feet above the Stromatocerium horizon and has 
been recognized over much of Fayette and Jessamine counties. This 
bryozoan is a thin laminar expansion, forming an intricately contorted 
mass throughout a limestone layer a foot or more thick. It is distinctive 
of this horizon and has not been observed in the recurrent Benson fauna 
of the Cornishville. 

Two to four feet of evenly bedded Brannon-like limestone, 15 to 20 feet 
below the top of the Benson, forms a recognizable horizon over southern 
Jessamine and Fayette, and northern Garrard counties. This limestone 
yields a zone of residual chert similar to that of the Brannon. It can 
easily be confused with the latter but underlies the Stromatocerium- 
Ceramoporella horizon. 


PERRYVILLE FORMATION 


The Perryville (Nickles, 1905, p. 15), as already indicated, rests un- 
conformably on the Lexington and, in turn, is unconformably overlain 
by the Cynthiana. It has its best development on the western and 
southern flanks of the Jessamine Dome. Its relationships to the Cynthi- 
ana and the Lexington rocks are shown in Plate 1. The horizontal 
lining marks the regions where Perryville and older rocks lie hidden 
beneath younger formations. The vertical lining indicates regions where 
erosion has removed all younger rocks down to the Lexington. In the 
belt’ between these two shaded regions the Cynthiana rests directly on 
the Lexington in the unshaded areas; in the cross-hatched areas the 
Perryville intervenes between the Cynthiana and the older rocks. The 
map shows two large areas of Perryville. Throughout the southern 
area, all three divisions are developed. In the northern area the Cornish- 
ville is missing, and the Faulconer extends somewhat farther north and 
higher on the western flank of the arch than the Salvisa. 
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Along the crest of the Jessamine Dome, and to the east, two small, 
isolated patches of Perryville are known, both along the West Hickman 
fault zone (Pl. 1): (a) northern Jessamine County; (b) 2 miles north- 
east of Paris. The Jessamine County occurrence involves both Faulconer 
and Salvisa and occurs in a graben, and the bordering upthrow side to 
the east, where the beds dip in toward the down-faulted block. The 
Paris occurrence involves only Salvisa and is on the downthrow side 
of a single fault. This local preservation of Perryville between the 
Woodburn and the Cynthiana in structurally low position may indicate 
the initiation of this fault zone in the mid-Ordovician. 

An exposure approximately half a mile south of the Ash Grove Pike 
in northern Jessamine County seems to indicate that the Faulconer and 
Salvisa are not entirely distinct stratigraphic units but are lithologic 
facies, in part contemporary. At this place, 1714 feet of Faulconer 
underlies the Cynthiana. This exceeds slightly their combined thickness 
a mile to the north. Eight feet above the base, 2 feet of Salvisa-like rock 
occur which contain numerous specimens of the rather characteristic 
Orthorhynchula linneyi. Certainly in the southern area around Dan- 
ville, where the Salvisa has its best development, the Faulconer is not 
so well developed as it is farther north. 

Another exposure having a bearing on this point is a small quarry at 
Braxton, 114 miles southwest of Mundy’s Landing in northern Mercer 
County. Here a breccia or intraformational conglomerate occurs in the 
upper 2 feet of the exposed Faulconer. The matrix is coarsely crystalline 
limestone; the fragments are of “Salvisa rock.” Apparently the deposi- 
tion of dove limestone had already begun in the Faulconer. 

As to the general absence of Perryville over much of the Bluegrass 
region, it is not certain whether this is to be interpreted as non-deposition 
or as pre-Cynthiana removal. 


CYNTHIANA FORMATION 


The unconformity at the base of the Cynthiana (A. F. Foerste, 1906, 
p. 10, 13) is a marked one; the formation rests in different places on all 
formations from the Cornishville to the Jessamine (Pl. 1). The varia- 
tion in thickness, from 38 feet to 125 feet, is primarily a matter of over- 
lap. The Cynthiana of the well-known Old Crow Distillery section in 
northern Woodford County and that at Lexington include only the upper 
half of the sequence found elsewhere (Fig. 1). The section at Gratz in 
Owen County seems to be similarly restricted. 

Several names have been applied to different members of the Cynthiana 
as indicated in Table 2. 
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Tasie 2. Subdivisions of the Cynthiana recognized by different workers 


bs Nickles A. F. Foerste R. 8. Bassler A. F. Foerste A. F. Foerste R. 8. Bassler 
1902 1906 1903 & 1906 1909, 1910 1914 1915 


Rogers Gap** | Rogers Gap 


Pt. Pleasant- | Pt. Pleasant Pt. Pleasant Nicholas Nicholas Gratz 
River Quarry | Greendale Bromley Greendale Bromley 
Beds Perryville* Millersburg Greendale 


* Later referred to the Lexington limestone. 
** Author uncertain as to position within the Cyn‘hiana or lower Eden. 


There is considerable confusion in the literature in regard to the re- 
lationships, due to both regional variation in lithology and fauna, and 
to overlap. These relationships as revised are indicated in Figure 1 and 
are summarized here. 

1) The Rogers Gap (Foerste, 1914) is consistently present throughout 
the area of outcrop and is helpful in correlating the others. 

2) Greendale (Foerste, 1906, p. 10). This name has been taken from 
a railroad-cut near Greendale Station on the Southern Railroad, a few 
miles north of Lexington. There has been little precision in its use. It 
has in general been used for the rather fossiliferous limestones and shales 
of the type shown in the Old Crow Distillery section. The fauna includes 
such forms as Cyclonema varicosum, Eridotrypa briareus, Orthorhyn- 
chula linneyi, Hebertella occidentalis, H. sinuata, Constellaria emaciata, 
C. fischeri, Heterotrypa parvulipora, Rafinesquina winchesterensis, and 
Platystrophia colbiensis. 

At the type locality, though, the upper 10 feet of the 15 feet exposed is 
more or less massive limestone of the Nicholas type and is regarded as 
belonging to that member. Five feet of thinner-bedded limestones and 
shales are exposed below. As commonly used, it included the fossiliferous 
layers below the Nicholas, and, where the latter was not developed, it 
included the equivalent thinner-bedded limestones. No attempt is made 
here to revise the use of the term, as this must await more detailed 
studies. 

3) The Millersburg (Foerste, 1914, p. 112) involves a considerable sec- 
tion older than the Greendale, either at the type locality of the latter, 
north of Lexington, or in the Old Crow Distillery section in northern 
Woodford County. It is an eastern phase of the Cynthiana and in- 
cludes a sequence beginning with the Allonychia flanaganensis horizon, 
extending up to the Nicholas. 

4) The Nicholas limestone (Foerste, 1909, p. 209-210) is the quarry 
rock overlying the Millersburg in Bourbon, Nicholas, and northern Clark 
counties. It is the equivalent of the quarry rock at Cynthiana, Harrison 
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County, and is regarded as the same as the River Quarry beds (Orton, 
1878, p. 365-449) (Point Pleasant) at Cincinnati. This quarry phase 
is not developed throughout the area of outcrop and is elsewhere repre- 
sented by beds which have usually been referred to as the Greendale or 
Millersburg. 

5) The position and equivalence of the Bromley (Bassler, 1906, p. 
8, 9) is well shown in sections at Butler (Pendleton County), Cynthiana 
(Harrison County), and Clay’s Ferry, 12 miles southeast of Lexington. 
At each of these localities the fine-grained limestones and shales with 
their abundant gastropods and other molluses underlie a horizon charac- 
terized by Greendale lithology and fossils. The member is of pre- 
Greendale age, the equivalent of the lower Millersburg. At Clay’s Ferry 
it is relatively barren of fossils but shows the usual and rather charac- 
teristic beds with a “bouldery” or “mud flow” structure. At Gratz 
the situation is somewhat different. The Lexington is overlain by 61 
feet of Cynthiana, of which Wolford (1931) has referred the lower 12 
feet to the Bromley and the remaining 49 feet to the Gratz. It has 
been shown (McFarlan and Freeman, 1931, p. 1975-2006) that the upper 
part of his Gratz is Rogers Gap. The writer regards the remainder of 
the section as of Greendale age. 

6) The Gratz (from Gratz, Owen County, Reukulen) has never been 
described in detail in the literature. Its relationship to other members 
of the formation has already been given. 

7) In the southern and western Bluegrass, other pre-Greendale beds 
are developed. These are characterized by a fauna not known elsewhere 
in central Kentucky, but some of the species have been described from 
the Trenton of Minnesota. The fauna includes Hemiphragma near 
tenuimurale, Batostoma winchelli, B. minnesotensis, Crepipora spatiosa, 
a large Cyphotrypa, a very large Prasopora, and a massive Ceramopo- 
rella. They are associated with abundant Eridotrypa aedilis. Crepipora 
spatiosa has been particularly useful in the field. These forms occur in 
successive zones (Fig. 1). The Batostoma zone has been recognized only 
in the southern-most exposures, where these rocks dip under cover. 


NOTES ON THE EARLY CINCINNATI ARCH 


These stratigraphic relationships contribute to the known history of 
the Cincinnati Arch. The situation in the area of the Nashville Dome 
has recently been discussed by Wilson (1935), who finds evidence of 
upwarp as early as Carter (Oregon of Kentucky) and Tyrone. In Ken- 
tucky the area of outcrop of the High Bridge series (Camp Nelson 
(Stones River) to Tyrone (Lowville)) is too limited to be of much help. 
First evidence of an overlap on a central area is found in the Cynthiana. 
An overlap on a large scale is first shown in the mid-Devonian. 
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Caution in the interpretation of this Cynthiana “Island” is neces- 
sary: It is quite possible that this upwarp may have been one of several 
developed in the Ordovician. It has apparent significance only because 
of its location in the region of later development of the Jessamine 
Dome, where deep erosion has exposed it. Other such early, local up- 
lifts may well be present but still covered. Wilson, though, has called 
attention to the tendency of later warping to follow the lines of earlier 


movement. 
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